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Abstract: In order to solve the problem of the slow initial speed caused by the large mass of the bistable
permanent magnetic actuator (PMA) in the traditional bistable permanent magnetic—electromagnetic
repulsion mechanism (PM-ERM), a novel fast contact operating mechanism is proposed by using the
flexible spring system (SS) between the PMA and the ERM. The novel structure can separate the mass
of the PMA and the ERM at the initial phase of the interrupting process, improve the initial speed
of the contact and increase the initial opening distance of the contact. Firstly, the paper conducts
an extensive investigation and analysis of the principle of the existing fast operating mechanism
and points out the advantages and disadvantages of the existing mechanism. In order to meet the
requirement of fast interrupting and improve the service life of the mechanism, a novel mechanism is
proposed. And then, the working principle of the novel mechanism is introduced. The cooperative
relationship between the ERM and the PMA and the working principle and performance parameter
requirements of the ERM, SS and PMA are analyzed and designed. Finally, the feasibility of the novel
mechanism is verified by the experiment. The results show that the opening distance of the novel
operating mechanism can reach 2.25 mm in 1 ms. Compared with 1.24 mm of the traditional operating
mechanism, it improves the initial opening distance of the contact by 81.5% and is conducive to the
rapid interruption of the Hybrid DC current-limiting circuit breaker (HDCCLCB).

Keywords: HDCCLCB; PM-ERM,; SS; ERM; PMA; initial speed

1. Introduction

The ship-integrated power system (IPS) combines the mechanical propulsion and
electric power systems in the traditional ship, supplies power to propulsion, weapons, com-
munication, navigation and daily equipment in the form of electric energy, and realizes the
comprehensive utilization of energy in the whole ship. It is known as the third revolution
of ship power [1,2]. The typical characteristics of the ship’s DC power system are low line
impedance, a small time constant, a high short-circuit current rise rate, and a high expected
short-circuit current peak value, which create high requirements for the rapidity of the DC
circuit breaker [3—6]. The action time of a traditional mechanical circuit breaker is generally
at the millisecond level [7], which makes it difficult to meet the requirements. Solid state
circuit breakers have the disadvantage of a large rated current loss and need additional
heat dissipation devices [8-10].

HDCCLCB combines the characteristics of large capacity and low loss of mechanical
switch with the rapidity of a solid-state switch. It has become an effective way to solve the
problem of large capacity and fast DC interruption [11,12]. The speed of the mechanical
switch in the HDCCLCB is an important factor affecting its rapidity [13,14].

The operating mechanism of a fast mechanical switch in the medium- and low-voltage
current-limiting circuit breaker generally has the following schemes [15-22]: (1) The ERM +
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bistable butterfly spring/bistable spring: This scheme uses the elastic force of the bistable
butterfly spring /bistable spring at the opening and closing positions to provide holding
force, and respectively adopts a set of ERM to drive during opening and closing action
processes [15,16]. (2) The ERM + pawl+ compression spring: This scheme uses springs to
provide the maintaining force at the closing state, the ERM realizes rapid opening of the
contact, and the pawl keeps the contact open [17,18]. (3) The ERM + compression spring
+ monostable PMA: This scheme uses the monostable PMA to provide the maintaining
force at the closing state. The ERM realizes rapid opening of the contact and the spring
provides the maintaining force at the opening state [19,20]. Due to the use of ERM to
simultaneously handle normal, overload, and short circuit situations in schemes (1)~(3),
the service life of the mechanical switch cannot be guaranteed. Therefore, scheme (4) is
proposed. Scheme (4) is bistable PMA + ERM: This scheme utilizes the advantages of fewer
parts, simple structure and the high reliability of the PMA to realize the action under rated
load conditions and below, so as to reduce the frequent actions of ERM and improve the
service life of the circuit breaker. When overload and short circuit faults occur, the ERM
and the PMA act simultaneously [21,22]. In scheme (4), the normal, overload and short
circuit conditions are treated separately, but the mass of the moving iron core of the PMA
is large, which will lead to an extension of the inherent opening time of the mechanical
switch and a slower initial speed.

In order to solve the problem of the slow initial speed of the traditional PM-ERM, this
paper proposes a new type of PM-ERM with a flexible connection for the first time. The new
mechanism can separate the mass of moving components during the initial movement of
the contact, improve the initial speed and increase the initial opening distance of the contact,
which is conducive to improving the breaking capacity of the fast DC circuit breaker. And
the feasibility of the new operating mechanism has been verified through experiments.

2. Structure and Working Principle of the Novel Fast Contact Operating Mechanism

The novel fast contact operating mechanism is mainly composed of the bistable PMA,
SS and ERM. Its structural diagram is shown in Figure 1.

—Permanent magne

. Opening coil
t ~PMA
. Closing coil

9]
WEI

Springs
SS

Connecting rods
ﬁ l—Repulsmn dlsk} ERM

| === Repulsion coil

L EELELLELEL)

Figure 1. Structural diagram of the novel fast contact operating mechanism.

The PMA not only completes the opening action of the system under normal operating
conditions but also completes the closing action under all working conditions. When an
overload or short-circuit fault occurs, in order to quickly limit the short-circuit current, the
ERM and the PMA are jointly driven to complete the opening action. The ERM is used to
quickly establish the initial distance, and then the PMA is used to maintain the opening
state. The SS realizes the flexible connection between the PMA and the ERM, so that in the
case of a short-circuit fault, the PMA and the ERM are separated in mass, and the contact
can obtain a higher initial speed and a greater opening distance in a short time, which
improves the interrupting capability of the HDCCLCB.
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Different from the traditional BPM-ERM, the PMA and the ERM in the novel operating
mechanism are not directly driven by a connecting rod, but a spring system is used to
achieve a flexible connection, as shown in Figure 2.

Moving iron
core of PMA

Springs
. :}SS
Connecting rods

: 0| Moving iron
=== core of ERM

(a) ERM not acting. (b) ERM acting.
Figure 2. Structural diagram of the SS.

The SS consists of multiple springs, connecting rods and slots. Initially, the spring is
compressed to produce a downward force on the repulsion disk, and the closing pressure Fy
to the contact. Because the mechanical switch needs to ensure that no welding occurs when
the contact flows through a large current under certain special working conditions, it is
necessary to provide sufficient closing pressure. The initial pressure is given here as 1600 N.
The force of the spring on the repulsion disk will make the repulsion disk move downward.
In order to limit the distance between the repulsion disk and the PMA, the slots on the
connecting rods are used to limit the downward movement of the repulsion disk relative
to the PMA. Therefore, the distance between the two will not be greater than the initial
opening distance. As shown in Figure 2b, when the ERM acts, the moving iron core of ERM
moves upwards, while the moving iron core of PMA does not act, which will cause the
springs to be compressed. Subsequently, the PMA begins to act after a period of inherent
time, and gradually, the displacement of the PMA becomes equal to the displacement of
the ERM. Afterwards, the ERM and PMA act together. Before the displacement of the two
is the same, the mass of the moving components of the ERM and the PMA is separated.

The following is an analysis of the action process of the novel mechanism in the case
of a short-circuit fault in the system. Figure 3 shows the displacement curves of the ERM
and PMA.
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Figure 3. Displacement curves of the ERM and PMA.

At zero time, the ERM and PMA are triggered. After a phase of delay, at time tgry,
the ERM starts to open and obtains a large initial speed. Since the inherent time of the
PMA is longer than that of the ERM, the PMA does not open, the spring is continuously
compressed and the ERM decelerates under the force of the SS. At the time tpya, the PMA
starts to move. If the distance between the ERM and SS is not sufficient, the ERM will
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directly hit the SS. The direct hit will cause the speed of the ERM to drop, which slows
down the speed of the contact in the initial phase of the interrupting process, so it is not
considered. There are three situations according to the speed relationship between the
ERM and PMA when their displacements are equal, as shown by the dotted line in Figure 3.
The dotted lines 1 and 2 have high requirements for the speed of the PMA, which will
lead to large energy consumption and volume of the driving power supply. Therefore, the
displacement characteristics displayed by dotted line 3 are finally selected for the scheme
design.

3. Analysis and Design of the Novel Fast Contact Operating Mechanism

This section will provide corresponding design requirements for each part of the fast-
operating mechanism according to the results of the above analysis. Each part is analyzed
and designed by means of analysis and numerical simulation.

3.1. Analysis and Design of the ERM

The high-speed ERM is mainly composed of three parts: a pulse discharge circuit,
a repulsion coil and a repulsion disk. Figure 4 shows the schematic diagram of a high-
speed ERM, in which C; is the discharge capacitor, TH; is the power thyristor and D,
is the diode. When THj receives a turn-on signal, capacitor C; immediately discharges.
The repulsion coil forms a pulse current and generates a pulse magnetic field around
the repulsion coil. The repulsion disk above the repulsion coil generates an induced
current under the changing pulse magnetic field. A huge electromagnetic repulsion force is
generated between the repulsion coil and the repulsion disk to realize the rapid drive of
the repulsion disk.

Cl| 1t Ui
I |

Figure 4. Schematic diagram of the ERM.

The ERM mainly completes the rapid interruption in the case of overload and short-
circuit faults. It is required to obtain a large opening distance at the initial phase of the
interrupting process; the opening distance within 1 ms shall reach 2 mm.

The repulsion disk is equivalent to a group of closed coils, and its winding direction is
the same as that of the repulsion coil. Figure 5 shows the equivalent circuit of the ERM,
where i1 represents the repulsion coil current and i, represents the induced current in the
equivalent repulsion disk coil.
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Figure 5. Equivalent circuit diagram of the ERM.

The research results in reference [19] show that when the speed and opening distance
of the repulsion disk are small, the change of mutual inductance with time dM/df can be
considered a constant and the mutual inductance M can be considered a fixed value. The
mathematical equation of ERM can be obtained:

: di di

U; =i +L1d7t1 —MTtZ
diy _ diy
Mdt =i+ Ly it

i = —C4h )
d . .
Fn = —%1112
2
wls = By

Since the equivalent coil parameters of the repulsion disk in Formula (1) are difficult
to accurately obtain, the finite element numerical calculation method is used to analyze
the motion characteristics and establish a two-dimensional axisymmetric finite element
simulation model, as shown in Figure 6.
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Figure 6. Geometric diagram of the ERM.

We used the finite element numerical simulation calculation method to analyze the
influence of the electric gap h, number of single-layer coil turns Ny, number of coil layers
n; and the capacitor voltage U; on the motion characteristics of the ERM. The analysis
process does not consider the influence of the displacement of the PMA.

The curve of the electromagnetic repulsion force and displacement with time under
different electric gaps is shown in Figure 7. It can be seen from Figure 7 that, with the
increase in the electrical gap, the displacement of the ERM decreases. This is because with
the increase in the electrical gap, the magnetic coupling between the repulsion coil and
the repulsion disk decreases, which leads to a decrease in the induced current and the rate
of change of mutual inductance between the coil and the repulsion disk with respect to
displacement, making the electromagnetic repulsion force smaller, so the displacement of
the ERM also becomes smaller.



Electronics 2024, 13, 4270

6 of 14

~

(0]

1

| Diaplacement

T

Force

w R )]
= ———

Displacement (mm)
N

30

Force (kN)

0 1 2

Time (ms)

Figure 7. Curves of the electromagnetic repulsion force and displacement with time under different

electric gaps.

When the outer diameter of the ERM is certain, the influence of the number of turns
Nj; on the displacement of the ERM is analyzed and the results are shown in Figure 8. It
can be seen from Figure 8 that the displacement of the ERM increases with the increasing
number of turns. This is because with the increase in the number of turns, the forcing area

of the ERM increases, and the peak value of the electromagnetic repulsion force increases,
so the displacement of the ERM increases.
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Figure 8. Curves of the electromagnetic repulsion force and displacement with time under different

coil turns.

Considering the influence of different coil layers n; on the displacement, the results

are shown in Figure 9.
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Figure 9. Curves of the electromagnetic repulsion force and displacement with time under different

coil layers.
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With the increase in the coil layers, the displacement of the ERM increases. This is
because with the increase in coil layers, the peak value of the electromagnetic repulsion force
is delayed. Although the peak value becomes smaller, the attenuation of electromagnetic
repulsion force becomes slower. The displacement of the ERM is mainly affected by the
duration of the electromagnetic repulsion force.

When the energy provided by the capacitor is constant, the influence of voltage change
on the displacement is considered, and the results are shown in Figure 10. With the increase
in capacitor voltage, the peak value of electromagnetic repulsion force decreases, and the
displacement of ERM is mainly affected by the peak value of electromagnetic repulsion
force.
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Figure 10. Curves of the electromagnetic repulsion force and displacement with time under different
voltages.

It can be seen from the calculation results of Figures 7-10 that the electromagnetic
repulsion force generally decays completely within 1 ms, and the external force has an
influence on the movement characteristics of the mechanism after 1 ms. Before the displace-
ment of the ERM is equal to that of the PMA, the spring pressure on the ERM will change
with the increase in displacement. If the spring stiffness coefficient is too large, the external
force on the ERM will be too large and the displacement will be small.

3.2. Analysis and Design of the SS

The spring system compresses multiple springs in parallel and evenly arranges them
on the upper surface of the repulsive disk, which generates a downward force on the upper
surface of the repulsive disk. Limiting the downward movement of the repulsive disk is
realized through the cooperation of the connecting rods and the slots while maintaining
the compressed state to provide the initial pressure of the contact.

In order to ensure the uniform force of the repulsive disk, six springs are used to
evenly distribute the initial pressure of 1600 N. At the same time, it is necessary to ensure
that the compression pressure within 6 mm does not change more than 30%, so the single
stiffness coefficient is 13 N/mm.

3.3. Analysis and Design of the PMA

The bi-stable PMA is mainly composed of a static iron core, a moving iron core, an
opening coil, a closing coil and a permanent magnet. The schematic diagram of the structure
is shown in Figure 11.
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Figure 11. Structural diagram of the bistable PMA.

In Figure 11, the bi-stable PMA is in the closed state, and most of the magnetic flux
generated by the permanent magnet circulates through the path shown by the dotted line,
generating a downward electromagnetic force F; to the moving iron core [17]:

B%,

= %51 (2)

Fy
where By is the magnetic flux density at the reserved air gap, y is the vacuum permeability
and S is the area of the lower surface of the moving iron core.

At the opening action, the magnetic flux generated by the current of the opening coil
passes through the path shown by the solid line. On the one hand, it will increase the air
gap magnetic flux density on the upper surface of the moving iron core. On the other hand,
it will partially offset the magnetic flux density on the lower surface of the moving iron
core generated by the permanent magnet. When the current increases to a certain extent, it
will move upward to begin opening. The closing action process is the opposite.

Under the overload and short circuit conditions of the system, the PMA needs to act
quickly together with the ERM, and the PMA is required to reach the opening distance of
4 mm within 4 ms. In the early phase of the opening process, the moving iron core is not only
affected by the electromagnetic force generated by the opening coil and permanent magnet
but also affected by the upward force from the SS (the force is temporarily considered to be
constant, without considering the influence of displacement of the repulsion mechanism).

We established the finite element numerical calculation model shown in Figure 11 to
analyze the parameters that affect its movement characteristics. As shown in Figure 12, the
electromagnetic force and displacement curves of PMA under different coil layers n; are
shown; it can be seen from the figure that with the increase in coil layers, the rising speed
of the electromagnetic force gradually slows down, but the amplitude of electromagnetic
repulsion force gradually increases, and the displacement of the PMA, which is mainly
affected by the rising speed of electromagnetic force, gradually decreases.
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Figure 12. Curves of the electromagnetic force and displacement with time under different coil layers.

When the area occupied by the coil cross section is certain, the electromagnetic force
and displacement curves of the PMA under different wire diameters d; are shown in
Figure 13. It can be seen from Figure 13 that as the wire diameter increases, the number
of coil turns N and coil layers n; decreases, the electromagnetic force rises faster and the
electromagnetic force amplitude becomes smaller. The displacement of the PMA is mainly
affected by the electromagnetic force’s rising speed and thus gradually increases.
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Figure 13. Curves of the electromagnetic force and displacement with time under different wire
diameters.

In the case of keeping the capacitor energy constant, the electromagnetic force and
displacement curves of the PMA under different capacitor voltages are shown in Figure 14.
It can be seen from Figure 14 that as the voltage increases, the capacitance decreases, the
current rising speed becomes faster and the current amplitude becomes smaller, so the
electromagnetic force rises faster, and the amplitude of the electromagnetic force becomes
smaller. The displacement of the PMA is mainly affected by the electromagnetic force’s
rising speed and thus becomes larger.
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Figure 14. Curves of the electromagnetic force and displacement with time under different voltages.

From the calculation results of Figures 12-14, it can be seen that displacement of the
PMA within 4 ms is mainly affected by the rising speed of the electromagnetic force. The
faster the rising speed, the greater the displacement of the PMA in a short time.

4. Experiment Verification

To ensure the reliable closing of the circuit breaker, the contact opening distance should
be large enough before the end of the zero-voltage time. The ERM has become the first
choice of driving mechanisms because of its 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 reach its maximum at 500us.

Based on the above analysis and combined with the actual engineering, the parameters
are reasonably selected to manufacture the prototype and the experimental platform is
built to verify the novel fast contact operating mechanism scheme. The SS realizes the
flexible connection between the ERM and the bi-stable PMA. The physical diagram of the
SS is shown in Figure 15.

Figure 15. Physical picture of the SS.

The experiments of the ERM acting alone, PMA acting alone and the combined action
of the two have been completed successively to verify the design results of each part of the
mechanism, respectively. The schematic diagram of the experimental platform is shown
in Figure 16. At the zero time, the TH; and TH, thyristors were triggered in different
situations, and the Photron SA4 high-speed camera was used to take pictures of the lower
end of the connecting rod (the speed at this position is considered to be the same as the
contact speed). The shooting speed is 50,000 fps and the resolution is 192 x 128. Figure 17
shows the experimental site.
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Figure 16. Schematic diagram of the experimental platform.

Figure 17. Experimental site.

Figures 18-20 show the contact displacement comparison diagrams of the experimental
and simulation of the ERM acting alone, the PMA acting alone and both acting jointly.

Displacement(mm)
)

0 1 2 3 4 5
Time (ms)

Figure 18. The displacement curve of the contact when the ERM acts alone.
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Figure 19. The displacement curve of the contact when the PMA acts alone.
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Figure 20. The displacement curve of the contact in joint action.

In Figure 18, due to the closing force of 1600 N of the PMA, it can be seen that when
the ERM acts alone, the displacement of the PMA is zero. The pressure of the SS on the
ERM changes linearly with the displacement. The results show that the displacement of
the contact is 2.25 mm at 1 ms and 4.25 mm at 4 ms. The relative error between simulation
and experiment is small.

In Figure 19, when the PMA acts alone, due to the connection of the SS, the electromag-
netic force generated by the PMA drives the PMA and the ERM to move at the same time.
It can be seen from the results that the relative error between simulation and experiment is
small.

The dotted line in Figure 20 is the simulation displacement curve under the initial
elastic force of the SS when the PMA acts alone without considering the mass of the ERM.
The solid line represents the displacement curve of the contact in joint action. It can be
seen from Figure 20 that in the case of joint action, the contact will experience a short delay
under the action of the ERM to obtain a large initial speed. The opening distance of 1 ms
will reach 2.25 mm, and then the speed will gradually decrease under the pressure of the
spring system until it reverses.

At 4 ms, the speed suddenly changes and the displacement of the PMA and the ERM
is the same as 4.25 mm. Then, they move to the opening position synchronously. The
contact speed suddenly changes at 4 ms, and the solid line intersects the dotted line (the
dotted line is the simulation displacement curve under the initial elastic force of the SS
when the PMA acts alone and does not consider the mass of the ERM). Therefore, it can be
considered that the thrust of the SS has a small impact on the movement of the PMA. At
the same time, it can be concluded that the error between the displacement of simulation
results of the PMA and the experimental displacement is small, which verifies the accuracy
of the simulation model.

The displacement characteristics of contact are simulated by a finite element method
under the condition of a traditional direct drive connection method (the mass of moving
parts is the same as that of the novel operating mechanism). The dotted line in Figure 21
represents the displacement characteristics of the operating mechanism in the traditional
connection method, and the solid line is the displacement curve of the novel operating
mechanism. Compared with the opening distance of 1.24 mm at 1 ms under the traditional
connection method, the novel operating mechanism can obtain a larger opening distance of
2.25 mm due to the mass separation at the initial phase of the interrupting process, and the
end speed of the new mechanism is also lower than that of traditional mechanisms. Overall,
compared with traditional mechanisms, the new mechanism exhibits the characteristics of
a fast initial speed and a slow end speed, which is conducive to improving the interrupting
capacity of the HDCCLCB.
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Figure 21. The displacement curve of the novel contact operating mechanism and traditional contact
operating mechanism.

5. Conclusions

In order to meet the practical needs of fast current limiting protection in medium- and
low-voltage DC power systems, a novel structure for the fast contact operating mechanism
is proposed by investigating the existing fast contact operating mechanism. Compared
with traditional mechanisms, the novel structure exhibits characteristics of a fast initial
speed and a slow end speed, which can increase the initial opening distance while reducing
the impact at the end. The research results can be applied to such occasions as microgrids,
rail transit, electric aircraft, distributed power generation, ship power systems and so on,
which provides a new idea for rapid protection of DC power systems.
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