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ABSTRACT In this study, we analyze and design a Thomson coil actuator system (TCAS) that ensures stable
operation of a high voltage direct current circuit breaker. High voltage direct current circuit breakers require
a high-speed actuator and proper brake system that can absorb the kinetic energy of fast-moving mass to
prevent damage and malfunction of the device. However, existing brake systems degrade the responsiveness
of TCAS. Therefore, the proposed TCAS is designed to improve the low responsiveness of the actuator,
which is caused by braking forces, by applying a series spring brake system and latch type holding system.
An equivalent circuit model of TCAS that reflects its electromagnetic and kinetic properties is derived and
applied to the design of the TCAS. The validity of the proposed TCAS design and analysis model is verified
through prototype experiments. The experimental results show that the proposed TCAS completes a 30 mm
stroke opening operation in 5.4 ms at a drive voltage of 300 V, and the analysis results reveal that the error

rate for the experimental results is 4.65%.

INDEX TERMS Actuators, equivalent circuits, HVDC circuit breakers.

I. INTRODUCTION

High voltage direct current (HVDC) is a DC power transmis-
sion system that has high power efficiency in long-distance
transmission. It has several advantages over AC power trans-
mission systems, such as high efficiency in long-distance
transmission, reduction in power transmission line instal-
lation costs, and ease of connection with power systems
with different frequencies [1]-[4]. Therefore, it has attracted
increased interest as an alternative to the conventional AC
system.

However, to facilitate the use of HVDC systems, several
technical difficulties must be addressed. One of the greatest
obstacles to the widespread use of HVDC technology is the
difficulty of developing a circuit breaker that can effectively
break DC current. Unlike in an AC system where a zero
current exists, in an HVDC system, the current does not pass
through the zero point naturally. Consequently, the HVDC
system has high blocking difficulty. This problem of effective
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blocking can be solved by employing a high-speed actuator
that separates the contact quickly.

Hydraulic, electromagnetic or spring-type actuators used
in conventional AC breakers do not easily meet the require-
ments of HVDC breaker operations owing to their long
response time and low operating speed [5]-[14]. Contrast-
ingly, Thomson coil actuators (TCAs), are propelled by
the repulsive force between the drive current of the coil
and the eddy current of the mover plate. Therefore, they
have high responsiveness and operating speed, which makes
them the most suitable effective system for HVDC breaker
development.

Several studies have been conducted on the use of TCA as
an HVDC breaker actuator [15]-[18]. However, these studies
focused only on the movement of the mover to reach the target
stroke and did not include subsequent procedures, such as
braking and fixation of the mover. TCA requires a device to
stably absorb kinetic energy and hold the mover to prevent
damage or malfunction caused by impact and bounce. In this
regard, several methods have been proposed for breaker actu-
ators; the most common and simplest method is the use of
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a compression spring as a brake spring [19]-[21]. In this
approach, the braking force acts strongly from the time of
initial acceleration, thereby impeding TCA responsiveness
and decreasing the operating speed. In another method, the
braking coil utilizes the electromagnetic repulsion force as
the braking force [22]. This method exhibits less interfer-
ence with TCA operation because it can freely adjust the
timing and magnitude of the braking force; however, it is
not effective for circuit breakers that require several kN of
contact force to decrease the contact resistance at the close
state. Therefore, to overcome the limitations of conventional
brakes, developing a new brake and hold system suitable for
the circuit breaker environment and subsequently incorporat-
ing them in TCA is necessary.

In this study, a Thompson coil actuator system (TCAS)
for HVDC circuit breakers was developed by adding a series
spring to the basic TCA structure. Two series-connected
springs were used to provide sufficient contact force to the
contacts at the close state and to minimize interference from
the operation of the TCA while maintaining a high brak-
ing force. Subsequently, the analysis model of the proposed
TCAS operation was derived and used for the TCAS design.
The design procedure of the proposed TCAS, including the
braking and holding unit, was presented, and the operation of
the proposed TCAS design was validated through prototype
experiments. Finally, the experimental results were analyzed.

Il. STRUCTURE AND MECHANISM OF THE DEVICE

The proposed actuator system comprises an actuator unit that
generates motion using the Thomson coil effect, a braking
unit for absorbing the kinetic energy of the moving part, and
a holding unit that prevents the movement of a mover after
operation is completed.

A. STRUCTURE OF THE PROPOSED ACTUATOR

The proposed TCAS comprises an actuator unit composed of
a mover and drive coil, a brake unit composed of two spring
series, and a holder unit composed of a spring latch, as shown
in Fig. 1.

The mover is composed of a conductive plate, in which an
eddy current is induced, and a mover guide, which connects
the mover and moving contact of the interrupter.

The brake unit consists of a series of contact springs and
brake springs. The contact spring has low elasticity; it applies
a contact force at the close state and prevents damage to
the mover guide that is caused due to collision between the
mover and brake spring. The brake spring has high elasticity
and plays a major role in absorbing the kinetic energy of the
moving mass.

The holder unit consists of a spring and latch in contact
with the mover guide surface; it operates when the mover
passes through the target stroke. The spring moves the latch
to the locking position of the mover guide surface to ensure
that the mover does not return to its original state as a result
of the compressive force of the brake spring.
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FIGURE 1. Structure of the proposed TCAS.
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FIGURE 2. Equivalent circuit model of the proposed TCAS.

B. OPERATION OF THE PROPOSED ACTUATOR

The proposed actuator system has three operating states:
close state, open triggered, and open state; details of the
operating process for each state are described below.

1) CLOSE STATE

The force of the contact spring and brake spring ensures that
the moving contact is in contact with the fixed contact with
a sufficient contact force. Current is conducted through the
connection between the two contacts. The switch of the drive
circuit is opened, and the capacitor is charged with electrical
energy to drive the actuator.

2) OPEN TRIGGERED

The switch of the drive coil is closed using an open trigger;
subsequently, the drive current flows from the capacitor to
the drive coil. The magnetic flux that passes through the
mover plate changes rapidly because of the coil current, and
consequently, an eddy current is produced in the mover plate.
The mover plate and the moving part connected to it move
along the axis owing to the repulsive force between the eddy
current and coil current.

3) OPEN STATE
When the mover moves along the axis and passes the target
stroke, the latch spring pushes the latch; consequently, the
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FIGURE 3. Flow chart of the proposed TCAS design.

latch contacts with the locking surface of the mover guide.
A mover moved beyond the open stroke attempts to move
back via a brake spring and stops at the target stroke position
with the aid of a latch, thereby completing the operation of
the entire actuator.

ill. DESIGN OF THE PROPOSED TCAS

A. DESIGN FLOW OF THE THOMSON COIL ACTUATOR
SYSTEM

The proposed TCAS design comprises three parts: an actuator
unit, brake unit, and holder unit. The design process was
implemented using the design flow shown in Fig. 3, and
details of the design process of each unit are described below.

B. DESIGN OF THE ACTUATOR UNIT

The design of the actuator unit was implemented using the
characteristic analysis results based on the magnetic equiv-
alent circuit (MEC) model. MEC can be used to simultane-
ously analyze the magnetic coupling between the drive coil
and mover plate, current induction phenomenon in the mover
plate, motion of the mover, and voltage—current characteris-
tics of the drive circuit at a low cost. The TCA performance
can be evaluated based on the calculation results of the current
and motion of the TCA obtained from the analysis; it can be
subsequently used in the design of the TCA. The MEC of the
TCA is derived as follows.

1) EQUIVALENT CIRCUIT MODEL OF TCA

An equivalent circuit model was derived to analyze the
electromagnetic and kinetic characteristics of the proposed
TCAS, as shown in Fig. 2. This model can be used to calculate
the current flowing in the drive coil and mover plate, as well
as the displacement of the mover [23]. The mover plate can
be modeled as a group of n small disk elements, as shown
in Fig. 2. An equivalent circuit can be derived based on the
calculation of the circuit constants, such as the mutual induc-
tance between each disk element and the mutual inductance
between the disk element and drive coil. Furthermore, the
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governing equation of TCA was derived from the equivalent
circuit, as given in (1). By numerically integrating (1) with
the initial value of the TCAS to be tested, each characteristic
value can be calculated with respect to time.
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C. DESIGN OF THE BRAKE UNIT

The brake unit of the proposed TCAS was designed with a
spring brake system using a compression spring. The design
of the spring brake system was implemented by searching
for a spring that can sufficiently absorb the kinetic energy
Eover during the target braking time 7 in the target braking
distance x.

The process of determining k that satisfies the braking
distance x for a moving person with a mass m is as follows.
The relationship between Egpyinge and Epoper 0Of the spring
compressed through the distance x is given in (2).

1
2 > E'm'szEmover 2)

Espring = E k-x
By rearranging (2), (3) can be obtained; correspondingly, the
spring constant k must be designed to satisfy (3).

V2

k=m- 2 3)
X

The process of determining the value of k that satisfies the

braking time ¢ is as follows. Assuming that the deceleration

factor of the mover is only the elastic force of the spring, the

expression of the mover speed v at time 7 in the deceleration

process of the mover speed vy is derived using (4).

(V)
v(T) = vp - cos — T “4)
m

In (4), the spring constant k for the speed v to become zero at
T <t is obtained using (5).
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FIGURE 4. Prototype of the proposed TCAS.

For the designed spring brake system to operate within the tar-
get braking time and braking distance, it is possible to design
the spring brake system to achieve the target performance by
selecting a spring whose spring constant k of the brake spring
satisfies both (3) and (5).

D. DESIGN OF THE HOLDER UNIT

The holder unit of the proposed TCAS consists of a latch
operated using a compression spring. The latch must travel
a distance xj,, sufficient to hold the position of the mover
within time #p,4. until the mover passes through the target
stroke and returns to the target stroke point using the com-
pression force of the spring.

The travel distance x(¢) of the latch is derived as a function
of the spring constant kj,;, of the latch spring, latch mass
Mygen, and initial compression length xg of the latch spring,
as given in (6).

Kiatch
atci . t
Miatch

(6)

x () = xg - sin

The condition of k., for the latch to move xjuch 1N tprake 1S
derived based on (6), as expressed in (7).

-
sin™" (Xjaren/X0)
Tbrake

Kiatch > * Miatch @)
By selecting a spring that satisfies (7), the design of a latch
system that reliably performs the holding function of the TCA

according to the intended operation can be achieved.

IV. EXPERIMENTAL RESULTS

The operation of the proposed TCAS was verified through
a prototype experiment; a prototype of the proposed TCAS
was constructed, as shown in Fig. 4. A drive circuit, which
was configured using a capacitor bank and IGBT switch, was
connected to a drive coil to apply drive power. Subsequently,
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TABLE 1. Dimensions of TCA prototype design.

Parameter Value Unit
Outer diameter of mover plate 80 mm
Height of mover plate 6 mm
Number of turns of drive coil 27 turns
Outer diameter of drive coil 80 mm
Coil height 10.5 mm
Spring constant of brake spring 400 N/mm
Spring constant of contact spring 126 N/mm
Load mass 2 kg
Contact force 2 kN
Drive voltage 200, 250, 300 Vv
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FIGURE 5. Operation result of the proposed TCAS at a drive voltage of
200 V (a) FEA and (b) prototype experiment.
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FIGURE 6. Operation result of the proposed TCAS at a drive voltage of
250 V (a) FEA and (b) prototype experiment.

the voltage, current, and displacement were measured. The
drive voltage and drive current were measured using an
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FIGURE 7. Operation result of the proposed TCAS at a drive voltage of
300 V (a) FEA and (b) prototype experiment.
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TABLE 2. Comparison of experimental and simulation results at a drive
voltage of 200 V.

Parameter FEA Experiment  Error rate
Maximum displacement 33.4 mm 31.55 mm 5.86 %
T}me at maximum 5.1 ms 5.4 ms -5.56 %
displacement

Total operation time 6.2 ms 6.3 ms -1.59%
Maximum current 5.58 kKA 5.05 kA 10.5 %

TABLE 3. Comparison of experimental and simulation results at a drive
voltage of 250 V.

Parameter FEA Experiment  Error rate
Maximum displacement 37.52 mm 35.8 mm 4.80 %
Time at maximum 44ms 47ms  -638%
displacement

Total operation time 5.7 ms 5.8 ms -1.72 %
Maximum current 6.99 kA 6.29 kKA 11.24 %

TABLE 4. Comparison of experimental and simulation results at a drive
voltage of 300 V.

Term FEA Experiment  Error rate
Maximum displacement 41.19 mm 39.27 mm 4.89 %
Time at maximum 4ms 41ms  244%
displacement

Total operation time 5.4 ms 5.5 ms -1.82 %
Maximum current 8.5kA 7.61 kKA 11.7%

oscilloscope, whereas the displacement was measured using
a laser displacement meter. The design dimensions of the
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TCAS prototype and the experimental conditions are pre-
sented in Table 1.

In the experiment, the motion and electrical characteristics
of the device were determined by measuring both the dis-
placement of the mover and the current flowing in the drive
coil at drive voltages of 200 V, 250 V, and 300 V.

The experimental and analysis results obtained using Finite
element method (FEM) are shown graphically in Figs. 5-7,
and the important values in the graphs are summarized in
Tables 2—4.

It can be observed from the experimental results that all
the TCASs designed at drive voltages of 200-300 V operate
normally and stably perform the opening operation of 30 mm
stroke.

Furthermore, as presented in Tables 2—4, it was confirmed
that the TCAS characteristic analysis method used in the
design process can reliably analyze error rates of less than
approximately 5% and 10% for the displacement characteris-
tics and current characteristics, respectively.

V. CONCLUSION

In this study, a TCAS that performs the opening/closing oper-
ation function of a breaker using the Thompson coil principle
was designed, analyzed, and verified through experiments.
Unlike previous studies that focused only on the analysis and
design of the actuator unit, this study examined the design
process of the entire TCAS, including the brake unit and
holder unit.

The findings of this study can be used as a reference in the
design of a real TCAS, including the braking system, as only
very few studies have focused on the design of both braking
and holding devices for the stability of TCA operation.

The proposed TCAS has a larger stroke opening of
30 mm compared with conventional TCASs (in the range
of 10-20 mm). Therefore, it can contribute to a more stable
operation of a circuit breaker in a high-voltage transmission
system. Consequently, it can be used not only for breakers,
but also for arc eliminators that require a large stroke.

In addition, the proposed brake system with serial springs
can effectively improve TCAS performance because it sig-
nificantly reduces the spring-induced acceleration inhibition
effect in the acceleration interval of the mover without sig-
nificantly complicating the structure compared with conven-
tional single spring brakes.
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