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Abstract: To solve the problem of the high rising rate and large peak value of the expected current
of the short-circuit current in marine DC power system faults, a hybrid DC current limiting circuit
breaker scheme based on a high-speed electromagnetic repulsion mechanism is proposed. A pa-
rameter selection model is constructed by comprehensively considering the short-time withstand of
the thyristor, the volume of the commutation circuit, and capacitor energy, and the optimal value of
the commutation circuit parameters at a certain voltage level is obtained. The finite element mathe-
matical model of the high-speed electromagnetic repulsion mechanism is established by coupling
the electromagnetic force field, which enables the deformation process of the mechanism under the
condition of high acceleration to be considered. The von Mises yield criterion is adopted as the
mechanical boundary condition in the design of a high-speed electromagnetic repulsion mechanism,
which solves the problem of the long inherent time of opening. The experiment platform is built,
and the experiment under the fault condition with a current rising rate of 20 A/µs is completed. The
arcing time, commutation time, zero-voltage recovery time, and contact movement characteristics are
obtained, which meet the design requirements, verify the effectiveness of the analysis, and lay a solid
foundation for further research and development of the current limiting circuit breakers for medium
voltage DC systems.

Keywords: high current rising rate; hybrid DC current limiting circuit breaker; commutation circuit;
high-speed electromagnetic repulsion mechanism

1. Introduction

With the improvement of ship electrification and the emergence of high-energy
weapons, the capacity level of ship power systems is increasing, and the rising rate of
the short-circuit current can reach 20 A/µs. This puts forward high requirements for the
rapidity of the protection device of ship power systems [1–3].

The action time of traditional mechanical circuit breakers is generally milliseconds [4],
which causes difficulty in meeting the existing requirements. Solid-state circuit breakers
have the disadvantage of a large rated current loss and need additional heat dissipation
devices [5–7]. With the development of DC breaking technology, many new technologies
have appeared in recent years [8–16].

Reference [8] proposes a novel medium voltage DC (MVDC) commutation-breaking
topology that combines a load-carrying branch and an arcing branch in parallel. In con-
trast to the conventional structure based on semiconductor devices, each branch in the
proposed topology contains a mechanical contact, which provides a lower on-state loss
and higher voltage-breaking capacity. Moreover, the theoretical analysis and experimental
results verified the asynchronous operation of the current loading and confirmed that the
arcing branch could realize the natural commutation of the current for the breaking of
overload current or short-circuit current. Since the structure adopts the method of natural
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commutation, the commutation speed will not be too high to meet the requirements of the
high rising rate.

Reference [9] deals with a principle of AC/DC interruption for low-voltage air circuit
breakers. When a fault occurs, by squeezing the arc into constricted insulating slits, the
arc resistance is elevated, resulting in an arc voltage that is higher than the system voltage.
Hence, the fault current would decrease until the arc plasma cannot be maintained. This
method can quickly establish a higher voltage than the conventional air arc, but at the
same time, the cooperation of the driving mechanism is more complex, which increases the
difficulty of the design.

Reference [10] proposes a new hybrid DC circuit breaker utilizing a series-connected
coupled inductor connected, which enables automatic current commutation from the
mechanical switch to the semiconductor switch during a fault. The key advantage of the
proposed DC circuit breaker is that the current in the mechanical switch automatically
reduces to zero when a fault happens. Although this method can realize the automatic
commutation of current, the inductance volume is also large when the rated current is large.
At the same time, the commutation speed is slower than the forced commutation method,
which does not meet the requirements of a high current rising rate.

Reference [11] proposes a new design of a DC hybrid circuit breaker based on a high-
speed switch (HSS) and arc generator (AG), which can drastically profit from low heat loss
in a normal state and fast current breaking under a fault state. The AG is designed according
to the magnetic pinch effect of liquid metal. The fault current is rapidly commutated from
HSS into the parallel connected branch by utilizing the arc voltage generated across the
AG. As a consequence, the arcless open of HSS is achieved. The fluidity of the liquid will
become worse after the breaker is used many times, which may be due to the reaction
between liquid metal and air, and the flow rate of this method is smaller than that of the
forced commutation method.

The hybrid DC current-limiting circuit breaker (HDCCLCB) combines the advan-
tages of the large capacity of the mechanical switch and the rapidity of the solid-state
switch, which becomes the development direction for solving the problem of fast DC
breaking [12–16]. In this paper, a hybrid vacuum current limiting circuit breaker based on
a high-speed electromagnetic repulsion mechanism (ERM) is proposed, which uses the
excellent arc extinguishing ability of the vacuum interrupter and the rapidity of the ERM
to complete the fault breaking of the system short-circuit current.

2. Principle of the HDCCLCB Based on the Electromagnetic Repulsive Vacuum Switch

The circuit topology of the HDCCLCB is shown in Figure 1. The HDCCLCB is mainly
composed of the high-speed vacuum interrupter VI, power electronic commutation circuit,
metal oxide varistor (MOV), and reverse parallel diode D. Its working process is as follows:

(1) In the normal working condition, the main circuit current i0 flows through the
vacuum interrupter VI;

(2) When the current needs to be cut off, the vacuum interrupter VI is opened, and the
vacuum arc appears;

(3) After a short arcing time, the thyristor T of the commutation circuit is triggered,
and the pre-charged capacitor C discharges the vacuum interrupter VI through the inductor
L; the reverse parallel diode D cannot be turned on due to the clamping effect of the
arc voltage, so all the pulse current flow to the VI. The pulse current i is opposite to the
main circuit current, which makes the current iVI gradually decrease until the current zero
crossing is formed;

(4) Because the reverse pulse current flows through the reverse parallel diode D after
the arc is extinguished, the voltage drop on the contact of the VI is approximately zero. The
transient recovery overvoltage will not occur until the pulse current is equal to the main
circuit current again. During this phase, the VI achieves the zero-voltage recovery time. In
this process, the vacuum interrupter contact is still in movement, and the contact opening
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distance increases continuously, which is more conducive to the successful breaking of
the VI.
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3. Analysis and Design of the Commutation Process and Commutation Parameters
3.1. Equivalent Circuit of the Commutation Process

Figure 2 shows the typical waveform of the current and voltage during the operation of
the circuit breaker. According to the working principle of the circuit breaker, the equivalent
circuit analysis is carried out for each phase of the operation.
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Figure 2. Typical waveform of the HDCCLCB.

In Figure 2, for 0→ t2 : at 0, the short-circuit fault occurs in the system; at t1, when
the current reaches the circuit breaker protection setting value I1, the VI is triggered; after
the inherent time tg (tg = t2 − t1) of the VI, the movable contact opens at t2. At this phase,
all the short-circuit current flows through the mechanical contact of the VI, and the VI is in
a closing state. The circuit breaker can be equivalent to the resistance and inductance of
the VI branch in series. The equivalent circuit diagram is shown in Figure 3. The thyristor
conduction voltage drop is ignored in the equivalent circuit.
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For t2 → t3 : at t2, the VI contact opens, and there is an arc between the contacts; the
arc voltage is Uarc; at t3, the commutation circuit is turned on; the contact arcing time tr
(tr = t3 − t2) is defined. The equivalent circuit diagram of this phase is shown in Figure 4.
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Figure 4. Equivalent circuit of the t2→t3 phase.

For t3 → t4 : at t3, the commutation circuit is turned on to generate pulse current; due
to the clamping effect of the arc voltage of the VI, the reverse parallel diode D is not turned
on; with the increase in the pulse current, the current of the VI decreases gradually; at t4, the
current of the VI drops to zero, the current is completely commutated to the commutation
circuit, and the commutation time is th (th = t4 − t3). The equivalent circuit at this phase is
shown in Figure 5, where C is the commutation capacitor, U is the pre-charge voltage, R is
the resistance, and L is the inductance of the commutation circuit.
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Figure 5. Equivalent circuit of the t3→t4 phase.

For t4 → t5 : at t4, the current of the VI decreases to zero, the vacuum arc is extin-
guished, and the reverse parallel diode D starts to be turned on; as the current of the
commutation circuit continues to increase, the current of the commutation circuit commu-
tates to diode D; until the current of the commutation circuit drops to the current of the
main circuit again, the reverse parallel diode D is cut off, and recovery voltage starts to
appear at two ends of the VI. The conduction time of the diode is the recovery time tL
(tL = t5 − t4) of zero voltage after arcing of the VI. The equivalent circuit diagram of this
phase is shown in Figure 6.
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3.2. Design of the Commutation Circuit Parameters

The design of the commutation circuit parameters mainly involves the t2 → t5 phase.
The t2 → t3 phase determines the arcing time tr before commutation, which, together
with the following t3 → t4 phase, determines the arcing energy Q of the contact. The
t4 → t5 phase determines the zero-voltage time tL of the contact. According to the working
principle of the circuit breaker, the parameter design of the commutation circuit shall meet
the following conditions:

(1) The peak value of the commutation circuit current I6 shall be greater than the
corresponding main circuit current Imax;

(2) In order to meet the need for dielectric recovery of the VI, zero-voltage time
tL ≥ 150 µs;
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(3) The current of the commutation circuit shall flow through the VI to reduce the
energy stored in the capacitor;

(4) Due to the limitation of the short-time withstand of the thyristor, the initial rising
rate of current in the commutation circuit di/dt ≤ 220 A/µs.

When ignoring the resistance R of the commutation circuit, the resistance of the VI,
the inductance of the VI, the conduction voltage drop of the diode, and the arc voltage,
the commutation circuit can be simplified as a second-order circuit in the zero state. The
current-limiting resistance R is small, which can be ignored. To further simplify the
problem, assume that the cycle T of the second-order circuit is a constant k multiple of the
zero-voltage time tL, that is, ktL = T. The following equation can be obtained:

U

√
C
L
> Imax (1)

2π
√

LC > T (2)

U
L

< di/dt (3)

Ignoring the resistance of the commutation circuit R and the resistance of the vacuum
switch RVI, the equivalent circuit diagram of the commutation process is shown in Figure 7,
where i is the current of the commutation circuit, iD is the current of the reverse parallel
diode branch, and if is the reverse current flowing to the VI.
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List circuit equations:

LD
diD
dt

+ uD + uarc − LVI
di f

dt
= 0 (4)

It can be obtained that the ratio of the current change rate of the current flowing to the
VI and the reverse parallel diode circuit is:

diD/dt
di f /dt

=
LVI − uD+uarc

di f /dt

LD
(5)

Whether the diode is turned on depends on the ratio of the current change rate. When
the ratio of the current change rate is less than or equal to zero, the reverse parallel diode is
not turned on; that is:

LVI −
uD + uarc

di f /dt
≤ 0. (6)

Thus,
di f

dt
≤ uD + uarc

LVI
. (7)
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When the moment of iD is equal to zero, namely i = i f , the constraint condition of the
initial current rising rate di/dt of the commutation circuit can be obtained:

di/dt ≤ uD + uarc

LVI
. (8)

The inductance value of the VI LVI is 0.08 µH, the diode conduction voltage drop UD
is 1.8 V, and the arc voltage Uarc is 20 V, then

di/dt ≤ 272 A/µs. (9)

Because the short-time withstand of the thyristor in the commutation circuit requires
that the initial current rising rate of 220 A/µs, which is less than 272 A/µs, meeting the
condition that all the commutation current flows through the VI, the initial current rising
rate of the commutation circuit should be less than 220 A/µs.

To sum up, each parameter needs to meet Equation (10). The capacitor charging
voltage U is the system voltage 900 V, the current of the main circuit at the peak current of
the commutation circuit is 15 kA, and the coefficient k is taken as five times. The parameter
matching range is calculated by drawing, and the results are shown in Figures 8 and 9.

U/L < di/dt
U
√

C/L > Imax

2π
√

LC > T
⇒


L > U/(di/dt)
C > (Imax/U)2L
C > [T/(2π)]2/L

(10)
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Point 1 is the intersection of curves 2 and 3. Point 2 is the intersection of curves 1 and
3. The horizontal ordinations of the two points are inductance L1 and L2, respectively.{

L1 = TU/(2 π Imax)
L2 = U/(di/dt)

(11)

(1) When L1 is equal to L2, that is T = T0 = 2π Imax/(di/dt) = 429 µs;
(2) When T > T0, that is tL > 2π Imax

di/dtk = 85.8 µs, L1 > L2;
The objective function is to minimize the volume of the commutation circuit. It is

assumed that the larger the capacitance value is, the larger the capacitance volume is when
the capacitance voltage is determined. At the same time, it is considered that the volume
of current-limiting inductance is incomparable with that of capacitance. The optimal
parameter combination is the parameter combination corresponding to point 1 in Figure 8,
and the results are as follows:

L = UktL
2π Imax

C = ( Imax
U )

2 × L = ImaxktL
2πU

CU2 = ImaxT
2πU ×U2 = ImaxktL

2π U

(12)

(3) When T ≤ T0, that is tL ≤ 2π Imax
di/dtk = 85.8 µs, L1 < L2.

The optimal parameter combination is the parameter combination corresponding to
point 2 in Figure 9, and the results are as follows.

L = U
di/dt

C = ( Imax
U )

2 × L = I2
max

U×di/dt

CU2 = I2
max

U×di/dt ×U2 = I2
maxU
di/dt

(13)

Under the assumption that the cycle of the commutation circuit is k times the zero-
voltage time and the optimization objective is to minimize the volume of the commutation
circuit, the following conclusions are obtained:

(1) When tL > 2π Imax
di/dtk , the combination of optimal parameters are: current-limiting

inductance L = UktL
2π Imax

and commutation capacitance C = ImaxktL
2πU . Each parameter is

independent of the initial current rising rate of the commutation circuit and proportional to
the zero-voltage time.

(2) When tL ≤ 2π Imax
di/dtk , the combination of optimal parameters is: current-limiting

inductance L = U
di/dt and commutation capacitance C = I2

max
Udi/dt . Each parameter is inde-

pendent of the zero-voltage time and inversely proportional to the initial current rising rate
of the commutation circuit.

Under the condition that the diode does not conduct during the commutation process,
taking into account factors such as the short-time withstand of the thyristor and volume
of the commutation circuit, the capacitance of 2.0 mF, pre-charge voltage of 900 V, and
current-limiting inductance of 7.5 µH are selected as the parameters.

4. Analysis and Design of the High-Speed Electromagnetic Repulsion Vacuum Contact

To ensure the reliable closing of the circuit breaker, the contact opening distance
shall be large enough before the end of the zero-voltage time. The ERM has become
the first choice of the driving mechanism because of its advantages of the short inherent
time and large initial speed. Under the condition of ensuring that the ERM will not be
damaged and the requirements of the small energy consumption and small overall volume
of the mechanism are met at the same time, the movable contact displacement should be
maximum at 500 µs.
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4.1. Geometric Model and Working Principle of the High-Speed Electromagnetic Repulsion
Vacuum Contact

Figure 10a shows the geometric structure of the high-speed electromagnetic repulsion
vacuum contact, which is mainly composed of the repulsion disc, the repulsion coil, and
the movable and fixed contact of the vacuum interrupter.
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Figure 10. Schematic diagram of the electromagnetic repulsive vacuum contact. (a) Schematic
diagram of the geometry of the contact; (b) schematic of the drive circuit for the repulsive coil.

When the ERM is working, the repulsion coil is connected with a changing current,
and the changing current induces a current in the repulsion disc. The electromagnetic
force between them is used to push the repulsion disc upward, so as to achieve a high
speed. Figure 10b shows the drive circuit of the repulsion coil. The diode is reversely
connected in parallel at two ends of the repulsion coil using the capacitor discharge to
generate the changing current to prevent the current reverse and improve the efficiency of
the capacitor current.

4.2. Mathematical Model of the High-Speed Electromagnetic Repulsion Vacuum Contact

Different from the applications of the traditional vacuum contact, in order to limit
the short-circuit current quickly, the vacuum contact needs to obtain a higher initial speed,
which requires that the repulsion disc is able to withstand huge stress and that it is not
damaged. Once the repulsive disc has a large elastic deformation, the inherent time of
the vacuum contact will become larger. Considering the possible deformation under
high acceleration, dynamic simulation analysis must be carried out. The finite element
mathematical model is established by combining the electromagnetic force fields.

To numerically solve the kinematic characteristics of the high-speed electromagnetic
repulsion mechanism based on COMSOL Multiphysics finite element calculation software,
the external circuit interface, electromagnetic field interface, global differential interface,
algebraic equation interface, event interface, and dynamic grid interface are required. The
external circuit interface simulates the capacitor discharge and provides the excitation
current to the repulsive coil; by using the electromagnetic field interface, the current density,
magnetic induction intensity, and electromagnetic force in the region are solved. The
electromagnetic force on the repulsive disc is obtained by integrating the Lorentz force;
through the global differential interface, algebraic equation interface, event interface, and
dynamic grid interface, combined with the mass of moving parts, the electromagnetic
force and spring pressure of the mechanism, the motion equation of the electromagnetic
repulsion mechanism can be listed. The mathematical model is as follows:
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Electromagnetic field equation:

J = σe(E + v× B)
∇× H = J
∇× E= − ∂B

∂t→
B = ∇× A
σe

∂A
∂t + 1

µ∇× (∇× A)− σev× (∇× A) = 0

(14)

where H is the magnetic field strength, in A/m, B is the magnetic induction vector, in T; J is
the current density vector, in A/m2; A is the magnetic vector, in Wb/m; E is the electric
field intensity vector, in V/m; µ is the magnetic permeability, in H/m; σe is the conductivity,
in S/m.

Lorentz force and electromagnetic force in a repulsive disc:{
F = J × B

Fm =
t →

Frdrdθdz
(15)

where F is the Lorentz force density vector, in N/m3; Fm is the electromagnetic force
obtained by integrating Lorentz forces.

The mechanical movement equation is as follows:

Fm − Fs = m
d2z
dt2 (16)

where Fm is the electromagnetic force on the repulsive disc; Fs is the force exerted by others,
including the spring force and gravity of moving parts; m is the mass of moving parts
such as the repulsive disc, shaft, and moving contact; and z is the axial displacement of
repulsive disc.

During the motion of the repulsive disc, due to the action of the non-uniform Lorentz
force, when the equivalent stress of the repulsive disc does not exceed its yield strength,
there will be elastic deformation accompanying the repulsive disc. Load the Lorentz force
onto the repulsive disc, apply a fixed constraint on the inner diameter of the repulsive disc,
and track its vertical displacement through the motion equation coupled the dynamic grid.
Linear elasticity problems are solved mainly through the equilibrium equation, stress-strain
relationship, and deformation continuity equation. The tensor expression of the three
groups of equations is as follows:

ρ ∂2u
∂t2 = ∇·σ + Fv

ε = 1
2 [∇u + (∇u)T ]

σ = C : ε

(17)

where ρ represents the material density; u represents the displacement vector of a particle
in a repulsive disc; Fv represents the force acting on the particles in the disc; σ is the Cauchy
stress tensor; ε is the extremely micro strain tensor; C represents the fourth order stiffness
tensor; C : ε represents the inner product of two second-order tensors. In the finite element
solution of the repulsion mechanism, the structural mechanics module is coupled to obtain
the stress, strain, and displacement of the repulsion disc.

4.3. The von Mises Yield Criterion

The repulsive disc is usually made of plastic materials such as copper, aluminum, and
steel. Under the action of external forces within a certain range, these materials can return
to their original shape after the stress unloading, even if significant elastic deformation
occurs. Whether the plastic material undergoes elastic deformation is generally determined
by the theory of distortion energy. When the distortion energy of the material exceeds
its limit value, it will yield and produce plastic deformation. This criterion can also be
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determined by the von Mises yield criterion shown in Equation (18); that is, when the von
Mises equivalent stress of the material exceeds its yield strength, the deformation changes
from elastic deformation to plastic deformation. In this paper, the criterion is used as the
boundary condition of mechanism mechanics.

σ =

√
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2

2
≤ σs (18)

where σ is the von Mises equivalent stress; σ1, σ2 and σ3 are the first, second, and third
principal stresses, respectively; and σs is the yield strength, in Pa.

4.4. Optimization Design of the High-Speed ERM

The simulation model of the high-speed ERM is established, as shown in Figure 11,
and the structural parameters are shown in Table 1.
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Table 1. Structural parameters of the ERM.

Parameters Value Parameters Value

Internal diameter r/mm 6 Number of coils N 12
External diameter R/mm 19 Number of coil layers n 2

Inside height H/mm 10 Wire diameter a/mm 2
Outside height h/mm 3 Gap b/mm 2

High bench width w/mm 10 Capacitive voltage U/kV 1.7
Low bench width l/mm 5 Capacitance C/µF 200

Considering that the repulsive disc needs to have good conductivity and high struc-
tural strength, it was screened among several commonly used materials. The material
properties are shown in Table 2. As shown in Figure 12, the contact displacement curves
of the repulsive disc with different materials are, respectively, shown. It can be seen
from Figure 12 that the contact displacement of copper, beryllium bronze, and T300 steel
decreased gradually. The main reason is that the displacement is due to the different
conductivity of materials; the greater the conductivity is, the greater the induced current in
the repulsion disc is, the greater the electromagnetic repulsion force is, and the greater the
displacement is.

Table 2. Physical Parameters of Materials.

Beryllium Bronze Copper T300

Conductivity σ/(S/m) 1.2 × 107 5.99 × 107 5 × 106

Density ρ/(g/cm3) 8.3 8.9 8.0
Yield strength σs/MPa 1035 70 1957
Young’s modulus E/GPa 130 110 186
Poisson’s ratio ν 0.35 0.34 0.3
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Figure 13 shows the distribution diagram of the equivalent stress with different
materials. The maximum stresses of the repulsive disc of the copper, beryllium bronze,
and T300 steel are 900 MPa, 1000 Mpa, and 1600 MPa, respectively; the yield strength
distributions of the three are 70 MPa, 1035 Mpa, and 1957 MPa, respectively. The yield
strength requirements can only be met when beryllium bronze and T300 steel are used.
Finally, beryllium bronze is selected as the material of the repulsion disc, which can ensure
that the maximum equivalent stress is less than the yield strength and the displacement
is larger.
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5. Prototype Experiment

The prototype is manufactured and the experiment platform is built. As shown in
Figure 14, the platform structure diagram is shown, and Figure 15 is the experiment site.
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The following is an introduction to the short-circuit breaking capacity experiment
process of the HDCCLCB.

(1) At zero time, the thyristor TH0 is triggered to generate a fault current. The fault
current with different rising rates can be obtained by adjusting the inductance L0.

(2) When the current of the high-speed mechanical switch reaches the set value, the
driving circuit of the mechanical switch is triggered and simultaneously triggers the high-
speed camera to start shooting.

(3) When the switch is opened, the thyristor TH1 is triggered after a delay time.
(4) In the experiment, the current and voltage information is obtained by the Rogowski

coil and high-voltage probe, respectively. The high-speed camera is used to capture the
contact movement image. The displacement curve can be obtained after post-processing.
Figure 16 shows the experimental and simulation displacement curves of the contact. The
typical working process waveform is shown in Figure 17.

Figure 16 shows the experimental and simulation displacement curves of the contact.
It can be seen from Figure 16 that the error of the contact displacement curve between the
experiment and simulation curves is small, and the average movement speed within 1 ms
of the contact is 2 m/s.

As shown in Figure 17, the voltage of the experiment system is 1 kV, and the rising rate
of the short-circuit current is 20 A/µs. The waveforms of the main circuit current/voltage,
contact current/voltage, and commutation circuit current are recorded, respectively. At
zero time, the system is short-circuited, and the current rising rate is 20 A/µs; at 100 µs, the
thyristor of the ERM is triggered; at 220 µs, after the mechanism inherent time 120 µs, the
vacuum contact opens and generates the vacuum arc; at 290 µs, after the arcing time 70 µs,
the commutation circuit starts to work, and the main circuit current drop rate is 109 A/µs;
at 350 µs, after the commutation time 60 µs, the commutation ends; at 500 µs, after the
zero-voltage time 150 µs, two ends of the contact appear at the transient voltage 450 V, and
then the voltage firstly rises and then falls back to be consistent with the system voltage.
Table 3 shows the time sequence of the breaking process.

Table 3. Breaking Process Schedule.

Time Events

0 µs Short-circuit fault occurs
100 µs Fault detection time 100 µs
220 µs Inherent time of ERM 120 µs
290 µs Arcing time 70 µs
350 µs Commutation time 60 µs
500 µs Zero-voltage time 150 µs
2100 µs Breaking time 2.1 ms
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6. Discussion

On the basis of the traditional topology, the new HDCCLCB can provide a zero-voltage
recovery time after the contact current crosses zero by reverse paralleling diodes at two
ends of the VI. Traditional topology structures require a large opening distance of the
VI to perform commutation, which requires a certain amount of time. When the rising
rate of the short-circuit current is high, it can cause the short-circuit current to become
large. At the same time, the larger short-circuit current requires a larger opening distance
to enable the contact to withstand transient overvoltage after the current crosses zero.
The zero-voltage recovery time of the new topology structure reduces the requirement
for the contact opening distance, allowing the VI to withstand the transient overvoltage
within a small opening distance. Therefore, we can preliminarily conclude that the new
HDCCLCB is more suitable for situations with high short-circuit current rising rates and is
more suitable for short-circuit protection in ship DC systems.

At the same time, a new problem arises, which is that in short-distance situations, the
arc is an intense vacuum arc. This type of vacuum arc has a higher plasma density, greater
pressure, and is more prone to post-arc breakdown compared to diffused vacuum arc with
larger open distances. Therefore, it is crucial to design a zero-voltage time so that this
intense vacuum arc can be fully restored in the post-arc stage. Indeed, there are not even
analytical concepts to handle it. It seems a worthwhile phenomenon for further systematic
experimental and theoretical studies under more refined conditions. The next step will
focus on modeling and analyzing the post-arc recovery process of intense vacuum arcs,
completing the post-arc dielectric recovery theory to better guide the design of current
limiting circuit breakers.
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The developed prototype is rated for a maximum di/dt ~ 20 A/µs with an interruptible
current of about 10 kA, but the obtained results can be considered valid also for higher
current and voltage values, provided that a higher number of VI is connected in parallel
and series. The new HDCCLCB will be suitable for the protection field of ship DC power
systems with higher voltage and current levels.

7. Conclusions

To solve the problem that existing circuit breakers cannot protect the DC power system
quickly when the high rising rate short-circuit current fault occurs, an HDCCLCB scheme
based on high-speed mechanical switches and power electronic devices is proposed in
this paper. The parameters of the commutation circuit and the mechanical boundary
conditions of the high-speed mechanical switch are analyzed and calculated, and the
following conclusions are drawn:

(1) The proposed parameter selection model can comprehensively consider the short-
time withstand of the thyristor, volume of the commutation circuit, and capacitor energy,
which can quickly obtain the combination of optimal parameters at a certain voltage level.

(2) The finite element mathematical model of the high-speed electromagnetic repulsion
mechanism established by coupling the electromagnetic force field can consider the stress
distribution during the working process.

(3) Adopting the von Mises yield criterion as the mechanical boundary condition in
the design of a high-speed electromagnetic repulsion mechanism can ensure that the stress
of the mechanism is within a reasonable range, improve the service life of the mechanism,
and solve the problem of the long inherent time of opening.

(4) When the vacuum gap is 0.74 mm and the short-circuit current is within the current
range of 4500~6000 A increasing at a rate of 20 A/µs, the vacuum contact can withstand
at least 450 V transient overvoltage after a 70 µs arcing time, 60 µs commutation time and
150 µs zero-voltage recovery time.
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