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Abstract: This paper proposes a design for a one-coil long-stroke permanent magnet actuator (PMA)
applied to a load breaker switch with a novel mechanism applicable to railways. As a new load
breaker switch applicable to railway overhead lines has a double-insulation structure of the vacuum
interrupter (VI) and a disconnect switch (DS) for higher insulation, the actuator to control the switch
requires a very long stroke. While the traditional mechanism of the PMA implements a stroke of
10 to 30 mm, the load breaker switch with a double-insulation structure requires a stroke of 120 mm.
To do so, we used the finite element method (FEM) and designed a novel one-coil long-stroke PMA.
Then, values from FEM analysis were compared with measured holding force data, and a simplified
prototype test-jig was used to confirm the actuator’s operating characteristics. In addition, the
electromagnetic force, plunger rotation, and part weight ratio, which affect operating performance,
were adapted in its design. By doing so, we confirmed the operating performance required for the
one-coil long-stroke PMA for a new load breaker switch with a double-insulation structure with a VI
average opening speed of 1.4 m/s and an average closing speed of 0.9 m/s at 1/2 of full stroke.

Keywords: vacuum interrupter; disconnecting switch; permanent magnetic actuator; one-coil long-
stroke; load breaker switch

1. Introduction

In general, switches used to protect the railway system include circuit breakers (CBs),
switches (SWs), and disconnecting switches (DSs). While most of these switches are
installed at substations or power stations, load breaker switches or DSs are installed on
railway tracks to provide and shut down power to the tracks. In the past, load breaker
switches or DSs installed on railway tracks adopted the open type, which was exposed.
Now, they adopt a solid insulated type to prevent electric shock accidents during work and
require no maintenance [1-3].

Conventional solid insulated load breaker switches, however, solely rely on the vac-
uum interrupter (VI) for opening performance, as shown in Figure la. As a result, the
gap with the part contacting the VI is short during opening, causing induced voltage and
destroying insulation due to decreased insulation performance by the epoxy. To overcome
such safety problems with insulation, a load breaker switch with double insulation seri-
ally combining the VI and AIR was studied, as shown in Figure 1b. This serial structure
of VI+AIR DS has advantages: it ensures a gap to discourage current leakage, achieves
insulation performance in AIR DS in the event of an external surge, maintains insulation
performance in AIR DS during decreased VI vacuum, and thereby minimizes concerns for
any electric shock [4,5].
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Figure 1. VI structure and VI+AIR DS structure: (a) conventional VI structure and (b) new VI+AIR
DS structure.

The novel solid insulated load breaker switch with a VI+AIR DS structure has the
advantage of a longer distance through the insulation, but the operating stroke increases
by 5 to 10 times compared with the conventional one with a VI structure. As the motor
spring charging mechanism generally applied for long-stroke operation has maintenance
difficulties due to its complex structure and many parts, the solid insulated load breaker
switch, which has a relatively simple structure, uses fewer parts, and shows good durability,
is effective for PMAs and is useful for many applications [6].

In the case of the general PMA method, although it has various advantages, it has the
disadvantage of a short stroke [7,8]. To apply a long stroke, an auxiliary opening/closing
coil to the typical type of PMA can be applied [9]. However, this PMA method increases
the volume of the coil and actuator. Additionally, this PMA’s opening and closing holding
forces could not be designed independently.

Nonetheless, the conventional PMA has a stroke of 10 to 30 mm and is not applicable
to the new load breaker switch with double insulation presented in this paper. Hence, we
designed a 120 mm one-coil long-stroke mechanism to ensure stroke performance in a novel
load breaker switch with double insulation and confirmed its operating characteristics and
design suitability by comparing FEM analysis values and measured holding force data and
producing a simplified prototype [10].

2. Permanent Magnet Actuator for Long-Stroke

The plunger receives electromagnetic force with the magnetic field generated from the
electric current applied to coils and operates in the traditional PMA, as shown in Figure 2.
The permanent magnet maintains the closing and opening of the plunger, and the electric
current is supplied to the closing oil and opening coils, thereby conducting closing and
opening operations. It is difficult to lengthen a stroke with this mechanism due to its
structure. As a stroke lengthens, the area overlapping with the coils on both ends decreases,
which weakens the driving force, and the actuator must become much bigger to increase
the area overlapping with the coils, which reduces the efficiency in delivering the force [7].

The mechanism in Figure 3 was designed to make it easy to lengthen a stroke, and
is divided into the holding and driving parts. In the holding part, permanent magnets
maintain the closing and opening of the plunger. In the driving part, the coils operate after
receiving the electromagnetic force when the electric current is applied to the coils between
the permanent magnets. This type of actuator allows the easy lengthening of a stroke.
Lengthening permanent magnets in the driving part would make it possible to design a
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PMA that has almost the same driving force across stroke intervals. As it is divided into
holding and driving parts, however, it has a disadvantage of becoming too large as the
length increases by the lengthened stroke occurring in two parts [11].
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Figure 3. A traditional PMA type with holding and driving parts.

Figure 4 shows the structure of the one-coil type PMA suggested in this paper. Previ-
ously, research was conducted by applying the manipulator method to the recloser, and
verification was performed through a short-circuit test. The rated voltage of the studied
prototype was 27 kV, the short-time current was 16 kA, and the stroke was 18.5 mm. The
rating proposed in this paper is 29 kV, which is higher than the conventional one, and the
short-time current is 20 kA, which requires more energy, and the stroke is about 6.5 times
of 120 mm. A study was conducted to design an efficient design and address problems that
arise as the stroke and load increase. The close state is maintained by the plunger through
permanent magnets, while the open state is maintained by the open spring.
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Figure 4. The proposed PMA-type one-coil actuator.

3. Design of the One-Coil Long Stroke PMA
3.1. Analysis of the Magneto-Static Field and Prototype Design

The circuit, motion, and magnetic field equations are required for the FEM analysis of
an actuator. Figure 5 shows the equivalent circuit, the actuator’s voltage source applies the
electric current to a coil through electrostatic discharge by the capacitor, and Equation (1) is
the equivalent circuit equation. Here, C is capacitance, R is resistance, and L is inductance.

é/i(t) = Rei(t) + L% (1)

R L PMA

Figure 5. Equivalent circuit.

Equation (2) expresses the motion equation. Here, F is force of plunger, M is mass of
driving parts, B is damping constant, K is spring constant, and F; is frictional force.

d2x dx
F=MZ3 +Bo +Kx+F, @)

Equations (3) and (4) express the magnetic field equatlon Here, B is magnetic ﬂux
density, ug is permeab1hty Xm is magnetic susceptibility, H is magnetic field intensity, ] is

current density, and M is magnetization.
— - =
B =po(1+xmH+M 3)
—
(V X M) 4)

Table 1 describes physical properties data applied to analysis [12,13].
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Table 1. Material properties.

Category Material Conductivity (S/m) Permeability Density (kg/m®)
Core Ss41 7 x 10° B-H curve 7800
Magnet NdFe35 0.625x 10° 1.0652 7400
Plunger Ss41 7 x 10° B-H curve 7800
Coil Copper 58 x 10° 0.999991 8960

Figure 6 shows the magnetic flux vector depending on the closing and opening
operation of the one-coil actuator using the material properties described on Table 1. For
the closing operation, the electromagnetic force from a coil compresses the open spring. This
structure is efficient for the closing operation, as the direction of the magnetic flux vector
by the permanent magnets is the same as that of a coil during closing. For the opening
operation, electric current is applied to a coil in the opposite direction from the closing
operation, offsetting the holding force with the magnetic flux vector by permanent magnets
and that by a coil in the opposite direction. The opening operation is conducted with the
force of the open spring compressing during the closing operation. The holding force can
be offset by a small electric current, and the opening operation is mostly conducted by the
force of the open spring. A single coil enables a compact design, and it can be operated by
low electric power during the opening operation. As the spring is used for the opening
operation, it has the disadvantage of requiring more energy to compress the spring for the
closing operation.

Btesla]

! 2.4600 x 10°

1.8662 x 10°

1.3573 x 10°

6.7868 x 107!

7.8000 x 1073

(b)

Figure 6. Magnetic flux vector of one-coil actuator during (a) opening and (b) closing operations.

Figure 7 is a flow chart for one-coil long-stroke PMA development. The validity of the
analysis was verified by making a prototype through FEM analysis and comparing the data.
Through the test of the prototype, the parts that needed improvement were supplemented,
and we confirmed whether the standards of the required specifications were satisfied.
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Figure 7. Flowchart for the development of one-coil long-stroke PMA.

3.2. Holding Force

Table 2 provides the specifications of the load breaker switch with double insulation
applied in this study. This specification refers to the VI specification datasheet. The most
important factor in the design of this load breaker switch was selecting the holding force.
The holding force was obtained by adding the contact force + open spring force-VI vacuum
hold force + margin. A margin of at least 300 N is recommended. If the margin is too high,
it requires a higher increase in the electric current to offset the holding force during the
opening operation, which prolongs the opening time. A long opening time is problematic if
a circuit breaker is applied. A long opening time poses no problem if a load breaker switch
is used.

Table 2. Specifications of designed product.

Specification Values
Rated voltage (kV) 29
Short-time withstand current (kA) 20
Duration of short-circuit (s) 1
Rated normal current (A) 2000
Number of poles 1
VI Stroke (mm) 21
PMA stroke (mm) 120
Add contact force (N) 1800
VI vacuum hold force (N) 315
DS Contact spring force (N) 500
Open spring force (N) Variable
VI Average closing speed (m/s) 0.9-13
(1/2 of full stroke) R
VI Average opening speed (m/s) 11~15

(1/2 of full stroke)
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As the required holding force of a double-insulation load breaker switch needs to
be adjusted according to the specifications while checking the characteristics of the open
spring force, an overall holding force of 3500 to 4000 N was selected with the open spring
force + margin as 1500 to 2000 N.

Figure 8 shows the PMA holding force of the double-insulation load breaker switch
and expresses magnetic flux density and magnetic flux vector with axisymmetric model
analysis data from the finite element method. The empty space between plungers is
intended for the open spring. The little space at the bottom core, which is in contact with
the plunger, was designed to allow the air to leave during closing and opening operations
and poses no problem to the operation due to the increased pressure. The results of FEM
analysis showed the holding force is 3996 N and meets the required specifications for a
load breaker switch.

Bltesla]
1.1000 x 100

Bitesla]

l 2.2000 x 10"
1.8207 x 10°

I 1.2138 x 10°

6.0697 x 1071

l 1.0000 x 107

9.1036 x 107!

. 6.0694 x 107!

3.0352 x 107!

. 1.0000 x 107

(b)

Figure 8. Magnetic flux density and magnetic flux vector of PMA in (a) closed and (b) open states.

To confirm whether the FEM analysis value was suitable, a simplified prototype test-
jig was produced and then the holding force was measured, as shown in Figure 9a. By
connecting the pulling jig, the load cell, and the PMA plunger, the holding force as the load
cell was pulled was measured, and this value was checked on the indicator. As shown in
Table 3, The value measured by the load cell was about 3800 N, which was 5.2% different
from the analysis value and confirmed that it achieved the holding force required for the
load breaker switch. A flowchart of the holding force measurement with the prototype
testjig is illustrated in Figure 9b.

Table 3. Analysis value and measurement value error.

Analysis Value (N) Measurement Value (N) Error (%)
3996 3800 52
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Indicator N Apply power using
Pulling Jig (Max 10,000 N)
PMA plunger
Load cell operation?
Measuring Holding force
PMA using Load cell
Read holding force using
Indicator
(b)
Figure 9. (a) Holding force measurement with prototype test-jig. (b) Flowchart of holding
force measurement.
3.3. Electromagnetic Force
Figure 10 illustrates a comparison of the results of magnetic flux density with the
electric current applied to conduct the closing operation during opening depending on
the presence of a gap between the plunger and core. Figure 10a shows the magnetic flux
density when there was no gap between the plunger and core, while Figure 10b shows
the magnetic flux density when there was a gap between the plunger and core. During
operation analysis, the absence of the gap led to a pull between the core and plunger, which
weakened the electromagnetic force in the closing direction and showed poor characteristics
during the initial operation. As such, a nonmagnetic Al 2 mm gap was designed to be
beneficial for initial operation.
z Z
Bjtesla]
. 1.7000 x 10°
1.2490 x 10°

8.3265 x 107!

I 4.1633 x 107!
1.0000 x 10-¢

(a) (b)

Figure 10. The magnetic flux density of the current applied in the open state (a) without and (b) with
a gap.

As shown in Figure 11, the open spring was designed as 1000 N and closed, and
the characteristics were confirmed: the closing operation waveform rapidly slowed at the
middle stroke point, touched the contact point, stopped at the add contact spring force
compression interval, and completed closing.
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Figure 11. Characteristics of closing operation.

To analyze what caused the slowdown during the closing operation, dynamic charac-
teristics analysis was conducted, as shown in Figure 12, which shows the electromagnetic
force of the closing operation. For FEM analysis, transient analysis was performed by
applying weight, coil data, and external load values (spring force, add contact force, VI
vacuum hold force, etc.) according to position. At the indicated middle stroke point, there
is an interval where the electromagnetic force is on the rise and then declines. In this
part, there is a high magnetic flux density in the direction of the center of the coil. As
the stroke is long, once it passes the middle point, the force is received in the direction
of the central position. Then, the plunger continues to move due to inertia, and when
it reaches the closing location, closing is maintained by the electromagnetic force of the
permanent magnet. As a lot of load works in the middle part, as shown in Figure 12, and
slows the stroke, it is important to reduce the load at the interval where the electromagnetic
force declines.
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Figure 12. Data of operating characteristics obtained from FEM analysis.

As shown in Figure 13 (left), one open spring compressed the entire interval, and
therefore, a large force was received at the middle stroke point. To solve this, a double
spring was designed as shown in Figure 13 (right). The primary open spring was applied
to the entire stroke interval, and the force to maintain opening was designed with a low
spring constant (k). The secondary open spring was designed so that the spring could
not be compressed during the initial closing operation but would work only during the
VIinterval. As the load electric current during opening was shut off by the VI, only the
speed specifications at the VI interval needed to be satisfied. Hence, the large force at the
VI interval was designed with a high spring constant (k).
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Figure 13. Open spring designs of single spring type (Left) and double spring type (Right).

The spring force curve is provided in Figure 14, where the open state is expressed as
0 mm and the close state as 120 mm. The primary open spring was designed to have a
compression force of 100 N during the initial input operation and 200 N when the input

was completed. The secondary open spring was designed to be completed at 800 N when
the compression started at 100 mm.
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Figure 14. Open spring force comparison of two types of spring.

When the LBS was assembled to the PMA, it was assembled in the opposite direction to
that shown in Figure 13. The gravity direction of the secondary open spring was designed
as the direction of the plunger, and the free field of the spring was designed to be larger
than the stroke so that it could not come off outside.

3.4. Plunger Rotation

Because PMA plungers are cylindrical, they are slightly rotated by the electromagnetic
force, as shown in Figure 15a. This rotation produces a load onto the part linked to the
plunger, which is not good for durability or characteristics. To prevent this rotation, a guide
bar was applied, as shown in Figure 15b. While this guide bar prevents the plunger from
rotating, there is a concern that the mechanical friction load may increase.
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Figure 15. (a) PMA plunger rotation structure and (b) design of a plunger anti-rotation structure.

3.5. Part Weight Ratio

The actuator moving part moves up to the add contact spring interval, including the
plunger and open spring, while the interrupter moving part moves up to the add contact
spring interval, including the VI movable electrode and insulation load. The weight ratio
of the actuator moving part and the interrupter moving part is an important factor for
operation. In particular, the electric current applied to a coil during opening operation
generates an inverse magnetic field to offset the holding force, and then the actuator moving
part moves past the add contact spring interval and leads the interrupter moving part to
operate. If the interrupter moving part is much heavier than the actuator moving part,
deceleration occurs after the add contact spring interval, as shown in Figure 16, which may
lead to a problem with shut-off performance. A higher rating of the switch has a heavier
interrupter moving part; therefore, if the actuator moving part is too heavy, the overall
operation speed may slow down and result in a problem. Hence, it is necessary to select
the overall weight by considering operating characteristics.

Stroke /_ \
| =
| A .
&j \_\_' s ) -’-
Contac f LY —
'L\ \ /I
N /
5 ———
| \
Current 5 \
S '\\ .‘__./"-F )
‘ \_f"'-.-

Figure 16. Characteristics of opening operation (interrupter moving part weighs more than actuator
moving part).

4. Operating Characteristics of the One-Coil Long-Stroke PMA

Figure 17 and Table 4 show the curve and data of the characteristics for the finally
designed one-coil long-stroke PMA during the opening and closing of the load breaker
switch with double insulation.
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Figure 17. Characteristics of (a) closing and (b) opening operations.

Table 4. Specifications of designed prototype.

(b)

Specification Values
Induced voltage (V) 140
Capacitance (uF) 68,000
Closing time (ms) 157.1
Closing current (A) 28.9
VI Average closing speed (m/s) 0.90
(1/2 of full stroke) ’
Opening time (ms) 19.94
Opening current (A) 45
VI Average opening speed (m/s) 1.40
(1/2 of full stroke) '

A stroke was measured in the PMA with linear variable resistance. The charging
voltage of the capacitor was 140 V, and the capacitance was 68,000 uF. The induced voltage
time was set to 250 ms during closing operation and for opening operation to 60 ms. The
closing and opening times were measured from the time of induced current to the time of
contact connection and disconnection. The peak current was measured between the closing
and opening times. As for the operating speed, the average speed of 50% of the VI section
was measured according to the VI specifications datasheet. The input speed was 0.9 m/s
and the opening speed was 1.4 m/s, which satisfy the specifications required by VI, as
presented in Table 2.

5. Conclusions

We designed a 120 mm one-coil long-stroke PMA applied to a double-insulation load
breaker switch with a novel mechanism applicable to railways. In the case of a structure
with a long stroke, it is necessary to use a motor spring mechanism that requires a lot of
maintenance. The proposed AIR+DS structure uses a long stroke, but the PMA method,
which is commonly used with short strokes, is applied. With efficient energy design, long-
stroke PMA can be used to ensure economic feasibility with a simple structure and low
maintenance. To implement the PMA, the FEM was used to design the one-coil long-stroke
PMA, and a comparison of FEM analysis values and measured holding force data was
conducted to confirm operating characteristics. In addition, the electromagnetic force,
plunger rotation, and part weight ratio, which affect operating performance, were adapted
in its design. As such, we confirmed the operating performance required for the one-coil
long-stroke PMA for a new load breaker switch with double insulation. In addition, we
plan to verify the capability of the proposed actuator through making and braking current
tests, and we plan to develop actuators that can be applied to switches and circuit breakers
with higher ratings that require a longer stroke than a switch with the suggested rating.
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