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Abstract-Fault current limiters (FCLs) can suppress the rise of short-circuit fault currents in
voltage source converter (VSC) based DC grids. However, the power electronic switches
of FCLs need extra source equipment to supply the required power, which increases
complexity and cost. This paper presents three kinds of self-powered solid-state FCLs
(SSFCLs). The proposed self-powered SSFCLs detect short-circuit faults by sensing fault
current increases and draw energy from the fault DC line to automatically drive the power
electronic switches. The self-powered SSFCLs are equipped with a self-powered supply
system (SPSS). The SPSS obtains energy from the magnetic field induced by short-circuit
fault current using magnetic-coupling mutual inductance coils. In PSCAD/EMTDC, the
proposed self-powered SSFCLs are placed directly on the DC line without external power
supply equipment. When a short-circuit fault occurs, the simulation results verify that the
proposed self-powered SSFCLs can rapidly acquire power to drive the power electronic
switches and then suppress the rise of the fault current. The proposed self-powered
SSFCL prototypes provide a solution for decreasing the cost and complexity associated
with installing extra source equipment.

Keywords: fault current limiters, VSC DC grids, self-powered supply, mutual inductance coil, solid-state FCLs

INTRODUCTION

Voltage source converter-high voltage direct current (VSC-HVDC) systems are known to be
superior to AC networks (AC distribution networks or AC transmission networks) and to line
commutated converter-high voltage direct current (LCC-HVDC) systems in the integration of long-
distance power transmission and renewable energy sources (Flourentzou et al., 2009; Lyu et al., 2019;
Zhang et al,, 2021). Different from AC systems, in VSC DC grids, the short-circuit fault breaking
operation is difficult due to the lack of zero crossings. A strict current breaking requirement is needed
for a DC circuit breaker (DCCB) to cut off the DC line within 5 ms (Heidary et al., 2019). DC fault
current limiters (DCFCLs) can help decrease the current breaking stress of DCCBs by limiting the
rise of the fault current (Yang et al.,, 2019). Installation of DCCBs and DCFCLs can rapidly and
reliably clear the short-circuit faults in VSC DC grids. Notably, the operation of DCFCLs and DCCBs
relies on various power electronic switches and gate drivers. Thus, one major problem with DCFCLs
and DCCBs is the power supply of the mechanical switch and the gate driver for the power electronic
components (Zhang et al., 2020).

Power electronic components in AC systems can take power from AC lines by mutual inductance
or instrument transformers. Two novel power supplies for online condition monitoring systems are
proposed for AC systems in Lin Du et al. (2010), Wu et al. (2013). A specially designed coil-based
magnetic energy harvester (CMEH) was proposed in Lin Du et al. (2010), and a specially designed
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Rogowski coil for power transmission lines was proposed in Wu
et al. (2013). This is widely considered to be a good method for
power electronic devices of AC circuit breakers (ACCBs) to
acquire power from AC lines.

However, for DCCBs and DC FCLs, the direct acquisition of
power from AC lines is typically a complex and difficult problem.
In addition, unlike the power electronic components in AC/DC
converters that can acquire power from the primary system by an
extra DC/DC converter (Li et al., 2015; Li et al., 2016; Zhang et al.,
2020), the power electronic switches in DCCBs and FCLs are in
the on-state most of the time, which makes it difficult for them to
directly acquire energy from DC lines.

Some power supply methods have been proposed to solve the
power-acquisition problems in different networks. In Kobayashi
et al. (2006), Dondi et al. (2008), a solar-cell power supply was
proposed to drive the monitoring circuits. However, this power
supply device is dependent on the weather and necessitates
regular maintenance work, such as changing the energy
storage device and clearing the solar panel. In Hafner (2011),
Zhou et al. (2015), Zhang et al. (2016), a type of power supply
method called power over fiber was presented. This method can
deliver power through laser light via optical fibers over long
distances. This can theoretically solve the power supply problem.
However, the low conversion efficiency of this method results in
low practicability in large-scale power supply applications.

In VSC DC grids, the DCFCLs and DCCBs are installed in the
DC line. It is difficult for them to take power from DC lines by
instrument transformers. The capacitor can be used as the power
supply component to drive the IGBT switch in DCFCLs and
DCCBs. The capacitor can be parallel-connected with the
DCFCLs or the DCCBs. The capacitor needs to charge first,
and then the detecting equipment, sensor and driving component
of the power electronics receive power from the capacitor.
However, the cost and complex will increase with an extra
increase in the capacitor. The voltage across the DCFCLs or
the DCCBs is always needed, which is detrimental to the normal
operation of DCFCLs or DCCBs. Another common way to solve
the power supply problem of power electronic switches is to
install an extra power supply system. A power electronic switch
driver was designed for a bidirectional solid-state circuit breaker
(SSCB) in Urciuoli and Veliadis (2011). However, one major
drawback of this driver is that it relies on complex and costly
overcurrent sensing circuitry. One or more isolated auxiliary
power supplies are needed to power up the control electronics
of the SSCB (Miao et al., 2015). This means a sharp increase in
cost and complexity. The cost of designing FCLs has been a
complex problem that is difficult to solve. If the power supply
systems of FCLs rely on extra devices, the cost will be greatly
increased.

These problems have attracted increasing attention in the field
of DC transmission technology. Some self-powered supply
system (SPSS) techniques without adding extra power supply
devices have been developed to solve these problems. Zhang et al.
(2020) presents a high-voltage isolated power supply system for
complex multiple electrical types of equipment in hybrid DCCBs
based on the mains frequency cascaded isolation transformer
network and high frequency LLC converter. This was also the first
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description of the power supply system for high-voltage level
circuit breakers, and it has considerable guiding value for the
research of similar high-voltage equipment. In Miao et al. (2015),
a self-powered ultrafast SSCB with a silicon carbide (SiC) junction
gate field-effect transistor (JFET) was proposed, which can detect
short circuit faults by sensing its drain-source voltage rise and
draw power from the fault condition to turn and hold off the SiC
JFET. The new two-terminal SSCB can be directly placed in a
circuit branch without requiring any external power supply or
extra wiring. In Fu et al. (2017), a coupling method of power
supplies was proposed for spacecraft hollow cathode power
supply applications. The coupling inductance is used in
ignitor-keeper supply and heater supply devices, which can
reliably acquire energy. The design principle in Fu et al
(2017) is of special interest for SPSS devices of FCLs.

To date, various FCLs have been proposed to suppress short-
circuit faults in DC grids (Wu et al,, 2011; Jalilian et al., 2015;
Radmanesh et al., 2015; Jalilian et al., 2017; Liu et al., 2017; Zhang
et al.,, 2017). The installation of FCLs can decrease the current
breaking stress of DCCBs. However, the power supplies of FCLs
have problems similar to those of DCCBs. However, the proposed
SPSS methods in Lin Du et al. (2010), Urciuoli and Veliadis
(2011), Wu et al. (2013), Miao et al. (2015), Fu etal. (2017), Zhang
etal. (2020) cannot be directly used to design SPSSs for FCLs. Few
studies have focused on the application of SPSSs to drive the
power electronic switch of FCLs. In Jalilian et al. (2015), a novel
DC-link fault current limiter (DLFCL)-based fault ride-through
(FRT) scheme was proposed to improve the FRT capability in
inverter-based distributed generation (IBDGs) units. The
employed DLFCL does not need any control, measurement
and gate driving system and is composed of a diode-bridge
and a non-superconductor (copper coil) that is modeled by a
resistor and an inductor. However, the design principle of SPSSs
for FCLs was not introduced in Jalilian et al. (2015).

The power electronics of DCFCLs in this paper are composed
of fully controllable semiconductor switches such as IGBTs and
IGCTs. The power supply components are inevitable. Thus, it is
critical to develop and describe the SPSSs for FCLs. To design
SPSS for FCLs, three issues need to be considered (Lin Du et al.,
2010; Xu et al., 2018a; Xu et al., 2018b):

e The SPSS of the FCLs should rapidly and reliably acquire
power in the fault state.

e The SPSS of the FCLs should not influence the equivalent
inductance of the FCLs.

e The SPSS of the FCLs should be low cost and reliable.

This paper presents three kinds of self-powered solid-state
FCLs equipped with the SPSS. This is also the first description of
the SPSS for such FCLs, and it may have necessary guiding value
for the research of similar FCL equipment. The structure and
operation mechanism of three kinds of self-powered FCLs are
presented in the following sections. The proposed FCLs mainly
consist of a fault current limiting circuit and an energy taking
unit. These limiters comprise mutual inductors, power electronic
switches, rectifier circuits, and energy storage circuits. The
following section introduces the self-powered FCLs: scheme
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FIGURE 1 | Fault current with FCLs and without FCLs.
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FIGURE 2 | Structure of the TTSSFCL with SPSS. (A) Configuration of
the TTSSFCL with SPSS. (B) Equivalent circuit of the TTSSFCL with SPSS.

design, operation analysis, and simulation analysis. In addition,
the hybrid DCCB and proposed FCLs are installed on the DC side
of the DC system. Then, the simulation model is built in PSCAD/
EMTDC based on a medium-voltage (20 kV/400 A) DC system in
Jiangsu, China. The simulation results show that the proposed
self-powered FCLs can limit the short-circuit current and obtain
energy from the magnetic field induced by the fault current. The
proposed self-powered FCLs take power from the DC fault line
and supply energy to IGBT switches without extra power supply
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ss Circuit |
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b= Storage [ | PV
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FIGURE 3 | Structure of the PCCSSFCL with SPSS. (A) Configuration of
the PCCSSFCL with SPSS. (B) Equivalent circuit of the PCCSSFCL with
SPSS.

devices, which can decrease the cost of FCLs. The energy obtained
by three kinds of self-powered FCLs can meet the needs of the
driving voltage of each IGBT switch.

SCHEME OF THE PROPOSED FCLS WITH
SPSSs

Overview of FCLs

In recent years, different types of FCLs, including superconductive
fault current limiters (SFCLs) (Zhang et al., 2017), liquid metal current
limiters (LMCLs) (Zhang et al., 2017), hybrid fault current limiters
(HFCLs) (Liu et al, 2017), and solid-state fault current limiters
(SSFCLs) (Radmanesh et al, 2015), have been proposed to
mitigate short-circuit fault current. In Jalilian et al. (2017), an
innovative DC-link controllable fault current limiter (C-FCL) based
FRT scheme for the rotor side converter (RSC) was proposed to
improve the FRT capability of the doubly fed induction generator
(DFIG). Rotor over-currents are successfully limited during balanced
and unbalanced grid faults, even at zero grid voltage. Each FCL has
advantages and disadvantages (Nie et al, 2021). In this section, the
proposed self-powered FCLs are designed based on SSFCLs (Xu et al,,
2018a; Nie et al,, 2021). The working operation of the SSFCLs are
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Configuration of SSFCLs With SPSSs
Structure of the TTSSFCL With SPSS

The SSFCL structure shown in Figure 2B is a transformer-type
SSECL (TTSSECL) (Lim et al., 2007).

The self-powered TTSSFCL with SPSS comprises the first inductor
L, coupled with the second inductor L,. The power electronic selector
switch is connected in parallel with the second inductor to form the
main circuit. The power electronic selector switch is composed of
several IGBTS. The third inductor L; is coupled with the first inductor
and connected with the rectifier unit and energy storage unit to form
the self-powered circuit, as shown in Figure 2A.

The current induced in the third inductor is very low, which means
that the third inductor does not influence the equivalent inductance of
the TTSSFCL. The metal oxide arrester (MOA) is connected in
parallel with power electronic switches as the protection component.

In the normal state, the equivalent inductance of the TTSSFCL
is low when the power electronic selector switch is turned on. The
equivalent inductance of the TTSSFCL is as follow (Xu et al.,
2018a; Nie et al., 2021):

2
Lapscrrssecry = L1 — % (1)
2

When a short-circuit fault occurs in the DC line and the fault

current exceeds the threshold, the power electronic selector
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FIGURE 5 | SCCSSFCL with SPSS installed on a DC system. (A)
Configuration of the SCCSSFCL with SPSS. (B) Different states of the
SCCSSFCL with SPSS. (C) Current waveform of the DC system.

switches are turned off. The inductance of the TTSSFCL
is greatly increased, and the equivalent inductance is
Lavo (rrssrcr) = Li.

The third inductor of SPSS is coupled with the first inductor,
and the two ends of the third inductor produce sensing voltage
and sensing current when the fault current increases in the first
inductor. Then, the energy is stored through the rectifier and
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TABLE 1 | Main parameters of the FCLs.

Symbol Parameter Value
My5/mH Mutual Inductance 12
L4/mH FCL Inductance 40
Lo/mH FCL Inductance 10
M;3/mH Mutual Inductance 0.375
Moz/mH Mutual Inductance 0.1
Lg/mH FCL Inductance 1
Ugi/kV Trigger voltage of the MOA 4
R+/Q Energy storage resistance 0.01
Ro/Q) Energy storage resistance 0.01
C/uF Energy storage capacitance 100

energy storage unit to provide the power supply for driving the
power electronic switches in the TTSSFCL.

Structure of the PCCSSFCL With SPSS
Based on the structure of the TTSSFCL, two flux-coupling SSFCLs (Xu
et al,, 2018a) with SPSSs are proposed, as shown in Figures 3, 4. The
secondary inductor L, is connected in parallel with the first inductor
L,, and the power electronic selector switch is connected in series with
the secondary inductor Ly, as shown in Figure 3. The proposed SSFCL
in Figure 3 is defined as the parallel-connected coupling SSFCL
(PCCSSFCL). Its working mechanism also relies on the operation of
the power electronic selector switch.

In the normal state, the switches are turned on, and the equivalent
inductance of the PCCSSFCL is as follows: (Xu et al., 2018a):

LL,-M,
Li+L,-2M,,

(L = Myy)*

- 2
YL+ L, - 2My, 2)

Lapspcessecr) =

In the fault state, the switches are turned off, and the
equivalent inductance is Lopo (pccssrcry = Li.

Structure of the SCCSSFCL With SPSS
Another type of SSFCL is the serial-connected coupling SSFCL
(SCCSSFCL) (Heidary et al., 2019; Xu et al,, 2018a). The two

inductors in the main circuit are connected in series, as shown in
Figure 4. The power electronic selector switch is connected in
parallel with the secondary inductor, as shown in Figure 4. The
PCCSSFCL and SCCSSECL both use additive polarity winding
(Hyo-Sang Choi et al., 2009).
In the normal state, the switches are turned on, and the main
circuit equivalent inductance is as follows: (Xu et al., 2018a):
Lavs(scessrary = L1 — —2 (3)

In the fault state, the switches are turned off, and the main
circuit equivalent inductance is as follows:

(4)

Lavo(scessecry = Ly + Ly + 2My,

OPERATION ANALYSIS OF THE
PROPOSED FCL WITH SPSS

For convenience of comparison, the values of L, L,, M and MOA are
the same in the three types of FCLs, as shown in Figures 2-4. The
connections of L;, L,, My,, switch S and MOA are different in the
three types of SSFCLs. In the fault state, the equivalent inductance of
the self-powered SCCSSFCL is maximized, as shown in the last
section  (Laposcessrer > Labopccssear > Labortssrcr).  Thus, — the
SCCSSFCL can more sharply limit the increase of fault current.
To simplify the analysis, the operation principle of the SPSS is
analyzed based only on the SCCSSFCL in this section. A DC
source is used to simulate the output voltage of a converter in DC
systems, Ry e and Ly, are used to simulate the impedance of the DC
transmission line, and Z; .4 is used to simulate the load of the DC
transmission line. The proposed self-powered SCCSSFCL is
connected in series with the DC system, as shown in Figure 5A.
As shown in Figure 5A, the voltage drop Uy, across inductor
L; can be expressed as (5). The voltage drop across inductor Lj is
induced by the mutual inductance M;; and M,3, expressed as (6).
The current flow through inductor L; can be expressed as (7).
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FIGURE 7 | Waveforms of the DC current of the three SSFCLs. (A)
Waveforms of the DC current when the fault occurs at 4.0 s. (B) Waveforms of
the DC current under three repetitive short-circuit faults.

dI,.
Up = Lig ©)
dIdc dIz
= Mo M, 52
Urs B4 + My dt (6)
1
I; = L_3 JUL3dt (7)

In the normal state (0-fy), in an actual DC transmission
project, 5-10% current fluctuation may appear due to the
voltage ripple of the sub-module capacitors or DC capacitors
in the normal state (QingruiTu et al., 2011; Liu et al., 2015; Xu
et al., 2017). If the power electronic switches of the SCCSSFCL
cannot be turned on, the equivalent inductance of the SCCSSFCL
will increase, which will influence the DC current. Thus, the
power electronic switches of the SCCSSFCL should be driven to
be turned on, and the SCCSSFCL is used as the smoothing reactor
in the normal state.

15
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FIGURE 8 | Power acquisition process of the SPSSs. (A) Current
waveforms of the three SSFCLs. (B) SPSS voltage acquisition process. (C)

SPSS voltage of the three self-powered SSFCLs.

From 0 to f,, voltage Uy ; can be induced when a DC current
fluctuation appears. The SPSS of SCCSSFCL takes power from the
DC line. Thus, the power electronic switches of the SCCSSFCLare
driven to turn on, and the equivalent inductance of the
SCCSSFCL will not be increased in the normal state. The DC
grid is thus kept in a stable state, as shown in Figure 5B.
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When a short-circuit fault appears at fy, the IGBT switch of
SCCSSECL will not be turned off from t, to t;. It operates after the
fault current reaches the threshold, as shown in Figure 5B. From
to to t;, the fault current Inc flowing through inductor L; will
increase due to the small impedance of the DC line, and the
voltage drop Uy 3 is induced by mutual inductance between L; and
L;. The SPSS takes power from the DC fault line. Thus, the energy
storage device of SPSS can be charged, and the mathematical
equation can be expressed as (8), where Uspss is the voltage across
the energy storage device and R;, R, and C are the resistors and
capacitors of the energy storage device. Then, the CPU circuit
supplies power to the IGBTs. (The detailed CPU operation is
made by relative staff and computer, which is not studied in this

paper.)

1
Usess = Rul} + RoT{ + = j 1dt ®)

After t,, from t; to t,, the power electronic switches of the
SCCSSECL are turned off, and the equivalent inductance of the
SCCSSECL increases sharply, as shown in Figure 5B. In this
process, the MOA starts to operate and the fault current flowing
through switch S will be forced to the MOA circuit. Thus, the
SCCSSFCL can limit the short-circuit fault current. The current
waveform of the SCCSSFCL is shown in Figure 5C. After t,, the
MOA will recover to its initial state. The fault current may
increase again. However, the DCCB can actually cut off the
DC line in t;~t,, which is analyzed in next section.

SIMULATION VERIFICATIONS

In PSCAD/EMTDC, a +10 kV/0.4 kA VSC DC simulation model
is built based on a demonstration project in Jiangsu, China (Sun
et al., 2020). The three self-powered SSFCLs with SPSSs are
installed on the DC side of the transmission line. Additionally,

Self-Powered Fault Current Limiters

the DCCB is connected in series with the FCLs, as shown in
Figure 6. The parameters of the FCLs are shown in Table 1.

In the normal state, THE FCLs are used as smoothing reactors,
and the DCCB is in the on-state. A short-circuit fault occurs at
4.0 s, and the three FCLs begin to operate when the fault current
reaches 1.1 kA. The SCCSSFCL can make a huger limit of fault
current. Then, the DCCB begins to interrupt the fault line. The
waveforms of the DC current are shown in Figure 7A. Assuming
the repeated short-circuit faults (Jalilian et al., 2015) appear at 4.0,
4.5,and 5.0 s, the current waveforms are shown in Figure 7B. All
of the proposed FCLs effectively limit the fault current under
three repetitive transient faults.

The waveforms of the fault current flowing through three self-
powered FCLs are shown in Figure 8A. The SCCSSFCL can more
sharply limit the increasing of the fault current as shown in
Figure 7. After a short-circuit fault appears at 4.0 s, the current I5
can be induced by mutual inductance between inductors L;, L,
and inductor L; in SPSSs. From 4.0 to 4.001 s, the current I';
flows through the energy storage unit to charge. In this process,
the SPSSs take power from the fault current, as shown in
Figure 8B. The power/energy that the SPSS harvests from the
DC line is mainly supplied to each IGBT switch of the fault
current limiter. The main concern of the SPSS is the value of the
voltage that the SPSS can obtain. The SPSS of TTSSFCL obtains
300 V, the SPSS of the PCCSSFCL obtains 617 V, and the SPSS of
SCCSSECL obtains 200 V.

A single IGBT can be driven by a voltage of 10-15V or a
several mA current. And a single IGBT can withstand 6.5 kV/
3 kA at most. In this section, the switch in each FCL is composed
of 2~4 serial-connected IGBTSs because the whole system voltage
is less than 20kV. Thus, the voltage obtained by the SPSS is
sufficient to drive each IGBT, as shown in Figure 8B and
Figure 8C. The CPU circuit can be controlled by the
operation staff or operation computer, and the CPU circuit
consume the less power (less than 1 W), which means that the
power supply of the CPU circuit can be neglected in this study. As
shown in Figure 8, the power supplied by the SPSS covers the
driving power requirement for the FCL control circuitry on the
secondary side.

Voltage U5 across inductor L; of the SPSS can be induced by
the mutual inductances M,; and M,; after a short-circuit fault
begins to appear, as shown in Figure 8C. Uy ; is an AC voltage and
can be rectified into a DC voltage by the rectifier unit, as shown in
Figure 8C. In the normal state, a DC current fluctuation appears
in the DC line, as shown in Figure 7. The SPSSs of the three FCLs
thus obtain energy through the mutual inductances M,; and M3,
as shown in Figure 8C. Every single IGBT can be driven to turn
on in the normal state. The SPSS component can reliably obtain
energy under three repetitive transient faults, as shown in
Figure 9.

CONCLUSION

In this paper, three novel self-powered SSFCLs with SPSSs are
developed and described. With the help of magnetic-coupling
mutual inductance, the proposed SPSSs directly obtain energy
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from the DC fault lines in the fault state, Thus, the cost and
complexity of the installation of extra voltage source equipment is
minimized.

Simulation results in PSCAD/EMTDC are provided to
confirm the current limit and power-acquisition capabilities
of the proposed SSFCLs with SPSSs. In the normal state, the
proposed SSFCLs take power from the DC line if the DC
current fluctuation appears. This power is used to drive the
operation of the IGBTs. During the fault state, the self-
powered FCLs limit the short-circuit fault currents and
reliably acquire energy to drive the power electronic
switches. The SCCSSFCL substantially changes the fault
current among the three structures. The proposed SPSSs
thus solve the power supply problem of power electronic
switches in FCLs. Moreover, this design method is not
limited to applications in SSFCLs; that is, it can also be
applied to other power supplies. The proposed self-
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