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A fault self-driven current limiter is proposed in the paper, which uses a special
fault current direct-driven electromagnetic repulsion mechanism to realize the
first half-wave of the fault current over the zero point into the current-limiting
reactance. The paper analyzes the working principle of the self-driven
electromagnetic repulsion mechanism, establishes the equivalent model of
the mechanism, and simulates the dynamic characteristics of the
electromagnetic repulsion mechanism through the calculation of the double-
layer iterative algorithm in time and space. The LC oscillation loop test platform is
built, and the stroke–time curve of the prototype is measured. In the test, the
prototype is driven by a 3 kA current, and the first half-wave stroke (FHWS) is
3.55 mm past the zero point, which is consistent with the simulation and test
results. The effects of structural parameters such as the radius, thickness, and
number of turns of the self-driven electromagnetic repulsion mechanism on the
dynamic characteristics of the electromagnetic repulsion mechanism are
investigated, and it is found that the first half-wave stroke can be significantly
improved by increasing the number of turns and outer diameter of the coil. The
optimum height of the dynamic repulsion coil is approximately 3 mm.
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1 Introduction

With the expansion of the scale of the power system, the grid connection is getting
closer and closer, the electrical equivalent distance within the network is further shortened,
and the level of short-circuit current in the power system is increasing year by year, which
has now become an important problem facing the planning and operation of the power
system (Liao et al., 2015; Yang et al., 2011; Liang et al., 2015). Short-circuit current can be
limited by using methods such as adjusting the grid structure, changing the mode of
operation, and installing current-limiting equipment. A fault current limiter (FCL) is a kind
of electrical equipment connected in series in the line (Sun et al., 2008; Liu et al., 2010;
Zheng et al., 2014; Chen et al., 2020; Zhang et al., 2021; Wang et al., 2023a); it can
immediately and automatically put in the current-limiting impedance when a short-circuit
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fault occurs in the system within the protection range and effectively
limit the short-circuit current to a required reasonable level.
According to the composition of current limiting elements, fault
current limiters are of solid-state type (Wei et al., 2017), resonant
type (Su, 2018), superconducting type (Ni et al., 2021), magnetically
controlled reactance type (Chang et al., 2018), and cast reactance
type. The study of the FCL based on various structures has become
one of the research hotspots.

Lv et al. (2019) proposed a high-voltage fast-switching-type
current limiter with multiple breaks connected in series. By
equalizing the operating mechanism with the breaks through the
isolation transformer and eliminating the insulated tie rods, it can
open and close the gate without the system being energized. This
scheme requires an external power supply, and the isolation
transformer has poor maintainability. Wu (2015) presented an
energy-efficient current limiter based on fast switching, which is
mounted on a high-voltage insulated platform, where the isolation
transformer takes power from both ends of the voltage divider
capacitor of the capacitor voltage transformer (CVT) and delivers it
to the controller and power box. The system overvoltage may be
conducted through the CVT to the energy storage and control unit,
causing shocks to the secondary equipment. Wang et al. (2023b)
proposed a new type of fault current limiter based on a self-driven
varistor; this device can use the energy of short-circuit current to
generate electromagnetic force without using measurement, control,
or auxiliary equipment. Its structure is simple, and it is less costly,
but it can generate less electromagnetic force. Jang et al. (2010); Na
et al. (2011) presented a hybrid fault current limiter based on a
superconducting inductorless coil. The hybrid fault current limiter
consists of a superconducting coil, a fast switch, and a bypass
reactor. It uses a high-temperature superconducting coil to
generate the magnetic flux, and the fast switch can be actuated
by electromagnetic repulsion. It is technically difficult and costly due
to the use of superconducting materials. The FCL based on fast
switching has already been applied in engineering. Zhang et al.
(2021) introduced a 500-kV high-voltage AC FCL based on a high
coupling split reactor and studied the breaking characteristics of
high-speed switches in the FCL. Chen et al. (2020) introduced an
optimization method for fast switching FCL with TRV index, FSFCL
withstand voltage, and short-circuit current level as
objective functions.

Current fault current limiters based on fast switches are driven
by energy storage capacitors. After charging the energy storage
capacitor, the power electronic switch is used to control the
on–off of the driving circuit of the electromagnetic repulsive
mechanism, which in turn controls the action of the fast switch.
For the dynamic characteristics and structural optimization of this
electromagnetic repulsion mechanism, scholars at home and abroad
have carried out extensive and sufficient research. Liu et al. (2020)
proposed a quantized design method for the electromagnetic
repulsion mechanism considering both the rapidity of the
mechanism and the mechanical loads that the mechanism
components can withstand and the driving efficiency. Lou et al.
(2005) proposed a discrete iterative algorithm based on a two-layer
cycle of time and displacement to compute and optimize an
electromagnetic repulsion mechanism. Zhang (2019); Zhang et al.
(2019) analyzed the efficiency of an electromagnetic repulsion
mechanism based on the energy conversion process and

proposed a resistance coefficient optimization method. A
bidirectional repulsion mechanism is designed in Wang et al.
(2023c), and the structure is optimized using the finite element
simulation method.

According to a series of studies done by many scholars,
analyzing the advantages and limitations of various technologies,
this paper proposes a fault current-driven current limiter. After a
short-circuit fault occurs, the fault current drives the
electromagnetic repulsion mechanism to disconnect the dynamic
contacts of the interrupter chamber, and the dynamic contacts of the
interrupter chamber are automatically closed after the fault current
disappears. This type of current limiter does not need to take an
energy device or external power supply, does not drive the fast
switching action through a capacitor, and can realize multiple
actions in a short period, which has the advantages of a simple
structure, high reliability, and good economy. In the research on this
type of current limiter, the optimized design of the electromagnetic
repulsion mechanism is the key problem. By studying the influence
of the change in each structural parameter of the electromagnetic
repulsion mechanism on the dynamic characteristics of the fast
switch, the action speed of the movable contact is optimized so as to
realize that the current-limiting reactance is put into operation at the
moment of the first big half-wave of the over-zero moment after the
occurrence of the fault.

2 Principle of the self-driving fault
current limiter

2.1 Structure of the self-driving fault
current limiter

The structure of the fault current-driven current limiter is
shown in Figure 1. Under normal operation, current flows
through the static repulsion coil and the vacuum interrupter.

FIGURE 1
Structural diagram of the self-driving fault current limiter.
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When a short-circuit fault occurs in the system, the
measurement and control device measures the current change
and closes the dynamic repulsive coil circuit, the dynamic
repulsive coil circuit induces current, and the electromagnetic
repulsion between the dynamic and static repulsive coils
generates electromagnetic repulsive force from the arc
extinguishing chamber to separate the movable contacts. The
movable contacts move to the maximum stroke. The holding coil
then absorbs the armature so that the switch stays open, and the
current-limiting reactor is put into use at the first over-zero
point of the fault current. After the fault current disappears, the
holding coil current decreases and the contacts automatically
return to the closed state.

The static repulsion coils carry both normal system operation
and fault currents, so their cross-sectional area cannot be too small
from the point of view of temperature rise. The dynamic repulsion
coil only carries induced current after a system fault occurs, so the
cross-sectional area is not required.

2.2 Application scenarios for the self-driving
fault current limiter

The application scenario of the current limiter studied in this
paper is shown in Figure 2. The 110/38/11-kV main transformer
capacity is 63 MVA, the short-circuit voltage percentage is 10.4%,
and the leakage reactance of the main transformer converted to the
110-kV side is approximately 20 Ω. The value of the inductance of
the current-limiting reactor is set to be 42.9 mH. The positive-
sequence impedance of the system is taken to be 1/10 of the
impedance of the main transformer. By calculation, when a three-
phase short-circuit occurs in the busbar of the 10-kV side, the
short-circuit current reaches 28.87 kA, which exceeds the rated
breaking current of the circuit breaker 25 kA, and the fault current
limiter limits the short-circuit current to 17.91 kA, with a depth of
limitation of approximately 38%. The short-circuit current of the
single phase before and after the fault current limitation on the
110-kV side is 2.89 kA and 1.79 kA, respectively. Relay protection
equipment sends action signals to the switch when the short-
circuit current on the 10-kV side exceeds 20 kA. The relay
protection device sends an action signal to the switch when the
short-circuit current on the 10-kV side exceeds 20 kA, and at this
time, the fault current on the 110-kV side is 2 kA. The
electromagnetic repulsion mechanism can act reliably within
the scope of the fault current to be limited and realize that the
current-limiting reactance is put into operation at the moment
when the first half-wave of the fault current passes through the
zero point.

3 Simulation and calculation of the fault
current-driven electromagnetic
repulsion mechanism

3.1 Principle analysis of the fault current-
driven electromagnetic
repulsion mechanism

Several scholars have already carried out a lot of research on the
capacitive discharge drivingmethod (Liu et al., 2020; Lou et al., 2005;
Zhang, 2019; Zhang et al., 2019; Wanget al., 2023c) and proposed
many optimization design methods for the structural parameters of
the electromagnetic repulsion mechanism. The new electromagnetic
repulsion mechanism proposed in this paper is different from the
traditional method, in that the driving current is determined by the
system state, so the simulation calculation method of the dynamic
characteristics is also different.

The self driving electromagnetic repulsion mechanism consists of
two coils. Among them, the short-circuit current flows through the
static repulsion coil, while the dynamic repulsive coil generates an
induced current. Under the action of themagnetic field generated by the
current, the repulsive force between the coils drives the contact
separation of the vacuum arc extinguishing chamber. The equivalent
circuit of the electromagnetic repulsion mechanism is shown in
Figure 3. The drive circuit current i1 represents the drive current
(system fault current), the drive coil is a static repulsion coil, the
induction circuit contains a dynamic repulsion coil, the dynamic
repulsion coil is short-circuited after a system fault, and the dynamic
repulsion coil carries the induction current i2. L1 and L2 represent the
self-inductance of the static and dynamic repulsion coils, respectively,
and M represents the mutual inductance between the two coils. The
equivalent power supply in the driving loop in the figure is an ideal
current source, which is the biggest difference from the traditional fast-
switching capacitor-discharge driving method.

The equations for the driving and sensing circuits are shown in
Eq. 1:

dψ1

dt
+ R1i1 � u1

dψ2

dt
+ R2i2 � 0,

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (1)

where ψ1 and ψ2 denote the magnetic chains interlinked by the static
and dynamic repulsion coils, respectively.

FIGURE 2
Application scenarios of the fault current limiter.

FIGURE 3
Equivalent circuit of the electromagnetic repulsion mechanism.
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The magnetic chain interlinked by each coil includes the
magnetic field generated by its current as well as the magnetic
field generated by the other coil, so the magnetic chain
interlinked by the two coils is written in the following form,
and the derivatives and partial derivatives are computed for the
variations in Eq. 2 and Eq. 3.

dψ1

dt
� d L1i1( )

dt
+ d Mi2( )

dt

� L1
dI1
dt

+ M
di2
dt

+ I2
∂M
∂s

· dz
dt

( )
, (2)

dψ2

dt
� d L2I2( )

dt
+ d M12I1( )

dt

� L2
dI2
dt

+ M12
dI1
dt

+ I1
∂M12

∂s
· dz
dt

( )
, (3)

where s denotes the displacement, specifically defined as the distance
from the center of the static repulsion coil to the center of the
dynamic repulsion coil.

Combined with the above equation, Eq. 4 and Eq. 5 can
be deduced:

L2
di2
dt

+ M
di1
dt

+ i1
∂M
∂s

· dz
dt

( ) + R2i2 � 0, (4)

di2
dt

� − 1
L2

M
di1
dt

+ i1
∂M
∂s

· dz
dt

+ R2i2( ). (5)

Based on the above relationship, the recursive formula is shown
in Eq. 6:

i2·0 � 0

i2·n+1 � i2·n − 1
L2

M
di1·n+1
dt

+ i1·n+1
∂M
∂s

· dz
dt

+ R2i2·n( )Δt.
⎧⎪⎪⎨⎪⎪⎩ (6)

Eq. 7 and Eq. 8 was used to calculate the electromagnetic force
and acceleration based on the calculated i2 value.

F � i1 · i2dM,

ds
(7)

a � F − f.
m

(8)

where F denotes the electromagnetic force, f denotes the resistance,
and a denotes the acceleration.

3.2 Simulation and calculation of the
electromagnetic repulsion mechanism
based on the double-layer
iterative algorithm

According to the time- and space-based double-layer iterative
algorithm proposed in Lou et al. (2005), the changes in coil self- and
mutual inductance during each iteration are also considered. As
shown in Figure 4, at each time step, the induced current i2 and the
stroke of the moving contactΔs need to be calculated accurately. The
static repulsive coil current is fixed as I1 sin(ωt), and the value of i2 is
solved for at each time step. Physical quantities, such as
electromagnetic repulsive force F, acceleration a, velocity v, and
displacement s, are further calculated at each time step. Several
iterative calculations are performed, and the displacement Δs
calculated in the previous cycle is carried over to the next
calculation until the amount of error in Δs is less than a very
small value of ε. The time step Δt in the calculation is taken to be
1 μs, and ε is taken to be 0.1 nm.

R1, R2, L1, andL2 can be obtained by measurement or
calculated from the geometry of the coil. Among them, R1 andR2

can be obtained by resistivity calculation, and L1 and L2 can be
calculated using the integral line-turn method. M12 and dM12/dz
can be calculated using the equivalent circular loop method
(KAJIAHTAPOB and Chen, 1992). In the above method, the
resistance and inductance R1, R2, L1, andL2 of the drive and
induction coils, the mutual inductance M12 between the drive
and induction coils, and the rate of change of the mutual
inductance with the distance z between the coils dM12/dz are
known beforehand, and the kinematic characteristics of the
electromagnetic repulsive mechanism can be calculated
completely by applying these electrical parameters.

3.3 Analysis of finite element simulation of
the electromagnetic repulsion mechanism

We study the dynamic characteristics of an electromagnetic
repulsion mechanism driving a 24-kV vacuum interrupter with the
following structure: a static repulsion coil with a cross-section of
10*9.5 mm, featuring a two-layer structure and an insulation
thickness of 0.5 mm between turns, and a dynamic repulsion coil

FIGURE 4
Double-layer iterative algorithm flowchart.
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with a cross-section of 0.25*4 mm, featuring a two-layer structure and
an insulation thickness of 0.02 mm between turns. The coil materials
are copper, the initial distance between coils is 2 mm, and the coil outer
diameter is 85 mm. The total mass of tie rods and moving coils is
approximately 3 kg. The resistance of the moving contacts during the
movement is obtained by measurement. The two-dimensional
simulation model of the electromagnetic repulsion mechanism was
established using COMSOL finite element simulation software, and the
control equations formagnetic field calculation and the electromagnetic
repulsion are shown in Eq. 9 and Eq. 10:

∇× H � J

B � ∇× A

J � σE + σv × B + Je,

E � −∂A
∂t

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
(9)

F � ∫
∂Ω
2πrnTdS. (10)

The magnetic field distribution at the 1-ms moment obtained
from the simulation is shown in Figure 5. Magnetic field coupling
dynamic mesh simulation is used to obtain the electromagnetic
repulsion mechanism under the action of the stroke-time curve of
the moving contact, and the results of the double-layer iterative
algorithm described in the previous section are compared. As shown
in Figure 6, it can be seen that the results of the finite element
simulation are consistent with those of the double-layer iterative
calculations.

4 Test of the dynamic characteristics of
the electromagnetic
repulsion mechanism

The LC oscillation test circuit is established, as shown in
Figure 7. A 14-mF capacitor and a 0.75-mH inductor form a
series resonance circuit with a resonance frequency of
approximately 49.1 Hz. The capacitor is charged through the
regulator, transformer, and silicon stack. The capacitor voltage
U1, the current i1 in the loop, the induced current i2, and the
switch movable contact voltage U2 are measured. The scale in the
vacuum interrupter chamber part is fixed, and the tie rod movement
process is recorded using a high-speed camera.

The waveforms obtained from the test are shown in Figure 8.
The peak value of the main loop current is approximately 3000 A,
the time constant is approximately 0.1 s, and the first half-wave
current waveform is not much different from the sinusoidal
waveform, which can approximately simulate the fault current. It
can be seen that the contact opening distance reaches its maximum
within 20 ms. Afterwards, the switch maintains an open state under
the action of the holding coil. When the peak current of the LC
oscillation circuit decreases to below 500 A, the switch automatically
returns to the closed state.

FIGURE 5
Magnetic field distribution at 1 ms in the finite element simulation.

FIGURE 6
Comparison of finite element simulation and double-layer
iterative calculation results.
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For the fault current limiter, the opening distance of the
movable contact at the moment when the first half-wave of the
current crosses the zero point is more important. Although the
current limiter only needs to break the 2.89 kA fault current,
considering the risk of re-breakdown of the movable contact
caused by the transient recovery voltage, it should be ensured
that the movable contact has enough opening distance at the
moment of the first half-wave through the zero point to ensure
reliable breaking. Figure 9 compares the test waveforms with the
results obtained from the simulation, where the solid line
represents the test values and the dashed line represents the
simulation values. In the first half-wave over the zero point
moment, the test and simulation values of the dynamic contact

stroke were 3.55 mm and 3.49 mm, respectively, with only a 1.7%
difference, and the current and dynamic contact stroke
waveforms are closer. The shape of the static repulsion coil is
regarded as a square circle in the simulation, which is slightly
different from the actual helical coil, resulting in a certain
deviation of the mutual inductance calculation results, and
the simulation results of the induced current amplitude are
small, which leads to the simulation results of the dynamic
contact stroke being also small. Considering the small
number of turns on the static repulsion coil, the above may
be the main reason for the error. The overall error is small, and
the simulation and test results are basically consistent, which can
verify the accuracy of the simulation model.

FIGURE 7
LC oscillation circuit test layout.

FIGURE 8
Curve of the test current and moving contacts’ displacement.
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5 Analysis of factors affecting the
dynamic characteristics of the fault
current-driven electromagnetic
repulsion mechanism

The dynamic characteristics of the electromagnetic repulsion
mechanism are first calculated for peak 2 kA, 3 kA, and 4 kA drive
currents. Increasing the drive current can increase the induced
current magnitude, thus significantly increasing the
electromagnetic repulsion. Figure 10 shows the stroke curve of
the moving contact under different driving currents.

Considering that the first half-wave over the zero point
moment is the same, approximately 10 ms, and the drive
current is close to a sinusoidal half-wave, in different
structures, its electromagnetic repulsion and stroke curve are
more similar, which can be reflected by the first half-wave over
the size of the zero point of the dynamic characteristics. The peak
driving current is kept at 3 kA, and the changes in the dynamic
contact stroke with the structural parameters of the
electromagnetic repulsion mechanism are studied through

simulation. The maximum contact stroke limit is not
considered in the simulation. As shown in Figure 11, these
structural parameters include the height a1 and thickness b1 of
the dynamic repulsion coil, the height a2 and thickness b2 of the
static repulsion coil, and the outer diameter R1 of the coil. The
inner and outer diameters of the dynamic and static repulsion
coils are equal, so the electromagnetic repulsion mechanism has
the highest efficiency. The inner diameter of the coil is kept
constant at 25 mm. When the inner and outer diameters of the
coil R1 remain unchanged, changing the thickness of the coil
b1、b2, causes corresponding changes in the number of turns of
the coil, with n1 � 2(R1 − R2)/b2 and n2 � 2(R1 − R2)/b1.

As shown in Table 1, the first half-wave stroke (FHWS) of
the fast switch is almost unchanged by changing the thickness b2
of the dynamic repulsion coil. This is because when the number
of turns of the dynamic repulsion coil is changed to n times the
original, although the mutual inductance M between the coils is
also changed to n times the original, the self-inductance L2 and
resistance R2 of the dynamic repulsion coil are changed to n2

times, resulting in the induced current being changed to 1/n.
According to the formula in Eq. 7 for electrodynamic force, the
result is that the electromagnetic repulsive force is
kept constant.

As shown in Table 1, increasing the dynamic and static repulsion
coil outer diameter R1 increases the first half-wave stroke
significantly. Increasing the outer diameter of the dynamic and
static repulsion coils increases the number of coil turns at the same
time, and the mutual inductance between the coils M, the self-
inductance of the dynamic repulsion coils L2, and the resistance of
the dynamic repulsion coils R2 increase. However the increase in the
resistance of the dynamic repulsion coils is lower than that of the
mutual inductance. Therefore, the induced current of the dynamic
repulsion coils increases, and the electromagnetic repulsion force
also increases.

As shown in Figure 12, the first half-wave stroke is maximized
at a coil height of 3 mm by changing only the dynamic repulsion
coil height a2. As the dynamic repulsion coil height changes,
dynamic repulsion coil inductance L2 and mutual inductance
between the coils M slightly change, but this is not the main
influencing factor. The resistance R2 is inversely proportional to
a2, and the mass m of the dynamic repulsion coil is directly
proportional to a2. According to the trend of the inverse
proportional function, when a2 is small, the R2 − a2 curve is
steeper, R2 decreases rapidly with the increase in a2, the induced

FIGURE 9
Comparison of the test and simulation results in the first half-
wave of the current.

FIGURE 10
Stroke curve of moving contact under different driving currents.

FIGURE 11
Structural parameter diagram of the electromagnetic
repulsion mechanism.

Frontiers in Energy Research frontiersin.org07

Song et al. 10.3389/fenrg.2023.1336582

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1336582


current increases, and the first half-wave stroke increases with the
increase in a2; when a2 is small, the R2 and a2 curves are flat, R2

almost no longer changes with the change in a2, or there is no
significant change in the induced current and the electromagnetic
repulsion. However, the mass of the dynamic repulsive coil m
increases with the increase in a2 in a positive proportional
relationship, and therefore, the first half-wave stroke increases
with the increase in a2, which is almost proportional to the
decrease in the first half-wave stroke.

Since the static repulsion coil needs to pass the system
current, considering the temperature rise problem, the cross-
sectional area of the static repulsion coil S � a1 × b1 is kept
unchanged at 95 mm2. The number of turns n1 and the outer
diameter R1 of the static repulsion coil are changed. Figure 13
demonstrates the variation in the first half-wave stroke with the
structural parameters of the static repulsion coil, the static
repulsion coil mass, and the number of turns labeled. Within
a certain range, the more the number of turns n1 and the larger
the coil outer diameter R1, the larger the mutual inductance M
between the coils is approximately, the larger the electromagnetic
repulsion F is, and the longer the first half-wave stroke of the
contacts. Since the dynamic repulsion coil OD increases in
parallel with the static repulsion coil, the mass of the moving
part also increases rapidly with the increase in R1, and there is a
significant saturation effect when the coil OD is further
increased. Considering the material strength and volume, cost,
and other constraints, the outer diameter of the coil cannot have
an unlimited increase, not more than 150 mm.

6 Conclusion

1) This paper proposes a fault current-driven current limiter that
can realize the first half-wave of fault current over a zero point
into the current-limiting reactance by fault current-driven
electromagnetic repulsion mechanism action.

2) For the electromagnetic repulsion mechanism of the current
limiter, the dynamic characteristic simulation model is
established by the discrete double-layer iterative algorithm,
and the simulation finding is consistent with the experimental
results. The opening distance of the interrupter chamber is up
to 3.55 mm at the moment of the zero point of the first half-
wave under the peak driving current of 3 kA.

3) The analyzed results of the effects of the structural parameters
of the electromagnetic repulsion mechanism on the dynamic
characteristics can provide a reference for the optimized design
of the electromagnetic repulsion mechanism. The first half-
wave stroke can be significantly improved by increasing the
number of turns and the outer diameter of the coil. The
optimal height of the dynamic repulsion coil is
approximately 3 mm.
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