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An Optimal Design Strategy for a Thomson Coil Actuator
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Abstract — An arc eliminator allows a surge current bypass rapidly into the earth to facilitate the
circuit breaking process and increase the stability of the load circuit. Thomson coil actuator (TCA) is a
type of actuator that can function as an arc eliminator. The TCA has a simple structure and
significantly rapid speed compared to the other types of actuators. In this paper, significant variables,
which have a dominant effect on the performance of the TCA, are investigated in detail. Using these
variables and an optimization algorithm, an optimal design strategy for the TCA is proposed in this
research. The efficacy of the proposed optimal design strategy and the feasibility of the application of
the designed TCA for a high power circuit breaker as the arc eliminators are validated through the

experiment.
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1. Introduction

When a surge current flows into a load circuit while
circuit breaking, the surge current has to be eliminated as

soon as possible to minimize the damage of the load circuit.

The surge current rapidly bypasses the arc eliminator into
the ground just before activating the circuit breaker (CB)
to minimize the arc while circuit breaking, mitigating the
load of the circuit breaker for the protection of the load
circuit. Hence, the arc eliminator can increase the stability
and reliability of the circuit breaker through its faster
operation than the circuit breaker and can be useful for
the application of a high power CB [1-3]. Furthermore,
the arc eliminator can be useful to a high power application
because the arc in the high power application is significant.

These merits have encouraged many researchers to study
arc eliminators for several decades. Numerous types of
actuators such as spring actuators, electromagnetic actuators,
linear motors, and Thomson coil actuators (TCA) are
proposed for the arc eliminator [4-6]. Especially, the TCA
has received much attention due to its rapid completion
time in several milliseconds [6-9]. Most research on the
TCA focus on the basic working principles or on the
characteristic analysis of the TCA. The trial and error
method has been widely used for the design of the TCA.
The TCA should be analyzed by using the time consuming
finite element method (FEM) with time difference method
(TDM). Hence, it takes a lot of time to design the TCA.

To solve this conventional problem, we proposed an
optimal design strategy applying an optimization algorithm
in this manuscript. Specifically, an analysis method which
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uses time difference method is derived in this paper.
Furthermore, variables of the TCA and its effect on the
performance of the TCA are investigated in detail. An
optimal design strategy incorporating significant design
variables of the TCA is proposed by applying a deter-
ministic optimization method in this research.
The usefulness of the optimal design strategy and the
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Fig. 1. (a) Normal state of the TCA: (b) Operation of the
TCA to bypass the surge current
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feasibility of the application of the designed TCA for the
arc eliminator are verified through the experiment.

2. Structure and Working Principle of the TCA

As shown in Fig. 1(a), the TCA consists of a mover, a
closing coil, and a capacitor bank. At the initial stage, the
mover is an open state and the capacitor is charged. If the
arc monitoring system senses the surge current, the closing
coil is excited by the current from the charged capacitor.

As the current in the closing coil increases, a variable
magnetic flux is generated. This variable magnetic flux
induces an eddy current in the mover. Hence, a repulsive
force is generated by the magnetic flux of the mover and
the closing coil, as shown in Fig. 1(b). The mover is moved
by the repulsive force between the mover and the closing
coil. Finally, the mover, which is a moving electrode,
comes into contact with the fixed contactor and the surge
current can bypass to the ground.

3. Analysis of the TCA by using TDM

The commercial FEM analysis tool, JMAG, is used in
this research for the analysis of the TCA. Governing
equations for the analysis of the TCA are derived as
follows:

Fig. 2 shows the equivalent circuit of the TCA (Vs: the
source voltage, C: the capacitance of the capacitor, V: the
charged voltage at the capacitor, L.,;: is the self-inductance
of the closing coil, L., the self-inductance of the mover,
M: the mutual-inductance, R.,;: the resistance of the
closing coil, R,,., the resistance of the mover, and S;: the
i switch).

Before the closing operation, S, is turned on and the
capacitor is charged by the DC voltage source. When the
arc monitoring system senses the surge current, the closing
coil is excited by the current from the charged capacitor by
turning the switch S; off and the switch S, on.

Egs. (1)-(3) represent the voltage equation applied the
TDM for the closing coil and the mover.
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Fig. 2. The equivalent circuit of the TCA
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where dI,,,,.. and dI.,; are the change of the current in the
mover and the coil; dx, dt, and dM are the change of the
displacement, the time, and the mutual inductance; » is the
n™ time step [9-12].

By analyzing the equation of motion, the displacement
and the velocity of the mover can be calculated. The
velocity of the mover v is derived through the integration
of the acceleration of the mover a by (4) and the
displacement of the mover x is induced by (5). (m: the
mass of the mover, g: the acceleration of the gravity,
F o the electromagnetic force acting on the mover
calculated by the FEM, and FJ;.: the frictional force)

_
V=V +dV = v

n n
n—1 + F electro +F fric —mg
m

sz (4)
n n—1 n—1 1 n g2
X' =x" V" d + Ea dt 5)

The commercial FEM analysis tool, JIMAG, takes into
account the skin effect. The skin effect is the tendency of
alternating current to become distributed within a conductor
such that the current density is largest near the surface of
the conductor. The current flows mainly at the skin of the
conductor, between the outer surface and a lever called the
skin depth J and it is computed as

1

S= —
e ©)

where o is the conductivity of conductor, u is permeability,
and f'is the frequency.

4. Design of the TCA
4.1 Design of the mover

The mover consists of a guiding structure and a plate. As
shown in Fig. 3, the guiding structure can minimize the
shaking during the motion of the mover. Furthermore, the
surge current can bypass to the ground through the guiding
structure. In the plate, the eddy current is generated and
this produces the repulsive force.
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Fig. 3. The design variables of the TCA

4.1.1 Material

The mover should be made by a highly conductive
material to generate an eddy current for a repulsive force
and to make the path for the surge current into the ground.
Furthermore, to increase the speed of the motion, a light
material should be used for the mover.

To decrease the completion time, a different material is
recommended for the plate and the guiding structure.
Specifically, the copper is useful for the plate to generate
the repulsive force. The aluminum is valuable for the
guiding structure to reduce the weight of the mover.
However, the mover is constructed by one material to
increase the mechanical stability.

In a no load condition, although the conductivity of the
aluminum is lower than that of the copper, the completion
time of the aluminum is shorter than that of the copper
because the weight is more effective compared to the
conductivity in the no load condition. As the load is
increased, the effect of the conductivity has more effect
compared to the weight of the mover. Hence, when the
aluminum is used for the mover of the TCA, the
completion time is increased dramatically as the load is
increased. However, when the copper is used for the mover
of the TCA, the variation of the completion time is stable
for the increase of the load. For this reason, the copper is
chosen as the material for the mover due to its robust
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Fig. 4. The distribution of the magnetic flux density of the
TCA
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characteristic about the load increase with the high
conductivity [9].

4.1.2 The outer radius and the thickness of the plate

As demonstrated in Fig. 4, the variation of the flux is
concentrated in the upper part of the closing coil and the
lower part of the plate. The amplitude of the repulsive
force is determined by the variation of the flux. Hence, the
thickness and the outer radius of the plate are significant
design variables [9].

4.2 Design of the closing coil

To complete the operation in a short time, the TCA
should generate a large repulsive force in a short time. This
is because the repulsive force is proportional to the
variation of the magnetic flux of the conductor. The current
into the conductor should be increased within a short time.
For the rapid increase of the current, the resistance of the
conductor should be decreased to lower the damping ratio
of the conductor. To decrease the resistance of the conductor
maintaining the total current in the fixed space, the
rectangular conductor is used instead of the conventional
round conductor in this research.

When the round conductor is used for the closing coil,
the empty space between the conductors is increased as the
area of the conductor expands as shown in Fig. 5(a). On the
other hand, when the rectangular conductor is used for
the closing coil, the space can be used efficiently without
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Fig. 5. The closing coil of the TCA by using: (a) The round
conductor; (b) The rectangular conductor
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empty space as shown in Fig. 5(b). Hence, by using the
rectangular conductor, the performance of the TCA can
be increased more than when the round conductor is used
because the fill factor of the rectangular conductor is larger
and the resistance is smaller than that of the round conductor.

Compared with the other type of the actuators, the high
current density can be applied into the TCA because of its
extremely shorter operation time. Therefore, the size of the
TCA can be decreased compare to the other type of
actuator because higher current density can be applied into
the TCA than other type of actuator.

The maximum applicable current into the closing coil is
limited by the cost of the switching device of the driving
system. In the same current density, higher current flows in
the rectangular conductor compared to the round conductor.
In other words, high current can flow in the TCA using
both an extremely high current density and the rectangular
conductor. Hence, the switching device should cover the
high current. This causes the increase of the cost for the
driving system and limits the applicable current into the
closing coil of the TCA.

5. Optimal Design of the TCA using an
Optimization Algorithm

5.1 Optimization algorithm

Optimization of the electric machine is finding the superior
model in the aspect of the objective while satisfying the
required conditions. For the optimization of the electric
machine, design parameters, objective, requirements, and
constraints should be determined and considered.

For the design of the TCA, the time step analysis using
finite element analysis (FEA) should be carried out for
the accurate analysis. However, the time step analysis
using FEA requires much time consumption. Hence, when
the TCA is designed optimally by using a trial-and-error
method via the time step analysis using FEA, much time
and effort are required.

To solve this problem, an useful optimal design method
using the gradient assisted simplex method (GASM) is
proposed for the optimal design of the TCA. The GASM
can converge rapidly compared to the conventional
simplex method [13].

Through the GASM algorithm and the time step analysis
using FEA, the TCA can be designed optimally with less
number of function calls and effort than the conventional
trial-and-error method.

5.2 Optimal design of the TCA using GASM

5.2.1 Objective and constraints for the optimization of the
TCA

The TCA as the arc eliminator has to complete the

operation in a short time to eliminate the arc as soon as
possible to minimize damages of the load circuit by the
fault current. Hence, the completion time should be the
objective for the optimization of the TCA.

The constraints for the optimization of the TCA are the
maximum current of the switching device in the driver
and the maximum current density of the closing coil. The
maximum current, 4 kA, is decided by considering the
switching device and the maximum current density 1kA/
mm? is determined based on the report [8].

To consider the constraint of the maximum current
during the optimization, a novel method is required. Hence,
a linear combination function using unit step function, which
can consider the current constraint in the optimization
process, is proposed as (7) in this research.

Fx)=f(x)+gxu{g(x)~1,,} (N

where x =[xy, ..., X;] is the design variables, x; is i design
variable, f(x) is the objective function about the completion
time, g(x) is the function about the current, 7, is the
maximum current as the constraint, and u{g(x)} is the unit
step function. The F(x) is the minimization problem since
the main objective function is completion time and the
shorter completion time means the better performance than
the longer one. The role of the second term of the F(x) is to
limit the current under the maximum current. If the smaller
current than /,, flows into the closing coil, the second
term is zero. On the other hand, if the larger current than
I, flows into the closing coil, the second term has very
large value. Hence, the algorithm can recognize the large
current beyond the limit while minimizing the completion
time only with F(x).

To optimize the N-dimensional problem, the simplex
method uses (N+1) nodes [14]. Hence, the simplex method
for a two-dimensional problem uses three nodes as shown
in Fig. 6, in which x, x;, and x, are the number of nodes
and x,, x,,, and x,,, are nodes that have the best, worst, and
second worst values of the objective function, respectively.

If the current is not over the constraint of the maximum
current at all the position of x;, x,, and x,, and the
reflection operator is used then the next solution will be x,
as shown in Fig. 7(a). However, if the current at the
position of x, over the current constraint then x,, x;, and x,
becomes respectively x,, x,,, and x, by the linear

Xg— Xp

X=X,

X=Xy

Fig. 6. Definition of the points and lines
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Fig. 7. The application of the proposed function (7) into
the GASM optimization algorithm assuming that
the next solution was found through the reflection
operator: (a) when the current is not over the
maximum current constraint; (b) when the current
at the position of x, over the current constraint

Table 1. Result of the optimization

Design variable Range(mm) | Result of the optimization (mm)
Outer radius of the plate 15 ~40 40.00
Plate thickness 3~5 3.04
Conductor width 0.5~1.5 1.02

combination function using the unit step function and the
next solution will be x,. as shown in Fig. 7(b).

5.2.2 Design variables

As demonstrated in Fig. 4, the variation of the flux is
concentrated in the upper part of the closing coil and the
lower part of the plate. This variation of the flux
determines the amplitude of the repulsive force. Hence, the
thickness of the plate, the outer radius of the plate, and the
conductor width should be design variables as illustrated in
Fig. 3.

The thickness and the outer radius of the plate should be
large enough to cover the maximum flux minimizing the
mass of the mover because the mover should move rapidly
to shorten the completion time. The size of the conductor
width should be determined to maximize the repulsive
force in the constraint range of the current. The ranges of
the design variables are tabulated in Table 1.

5.2.3 Optimal design results

The outer radius of the plate

The optimal outer radius of the plate is determined as
40mm, which is the same length as the outer radius of the
winding. The efficiency of the repulsive force per mass of
the mover is maximized when the facing area between the
mover and the winding is maximized because the repulsive
force is generated by the variation of the flux, which is
concentrated in the lower part of the plate and the upper
part of the winding.

The thickness of the plate
Because the mover can be damaged when the mover
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arrives at the fixed electrode with a rapid speed, the
thickness of the plate should be over about 3mm.
Furthermore, the thickness should be large enough to cover
the maximum flux. However, to decrease the completion
time, the mass of the mover should be minimized. Through
the optimization, the optimal thickness of the plate is found
as 3.04mm.

The conductor width

According to the variation of the conductor width in
the available space, the number of turns, resistance, and
current are varied. If the conductor width is increased in
the fixed space, the number of turns is decreased. In this
case, the current is increased due to the resistance of the
closing coil is decreased. In other words, the repulsive
force, which depends on the current of the conductor, can
be controlled by the variation of the conductor width.

Because the TCA operates in an extremely short time,
the maximum current is limited mainly by the cost of the
driving devices and the heat generation of the closing coil.
The optimization result of the conductor width, which
minimizes the completion time under the current limitation,
is 1.02mm. Taking into account the manufacturing process,
the final conductor width is determined to be 1mm.

6. Comparison between Experimental data and
Analysis results

Based on the requirement and restriction for the TCA
shown in Table 2, the TCA is designed optimally and
prototyped as shown in Fig. 8, significant characteristics
for the TCA, which are the current and displacement of the
TCA, are analyzed by using the proposed analysis method

Laser vibrometer

Guiding structure

Plate

Closing coil

Fig. 8. Prototype of the TCA
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Table 2. Requirements and restrictions of the TCA

Specification Value
Outer radius of the TCA Less than 40 mm
Completion time Less than 3.5 ms

Table 3. Result of the optimization

Calculated results | Experimental results Error

Maximum current 3088 A 2960 A 4.15%
Completion time 3.072 ms 3.348 ms 823 %
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Fig. 9. Comparison between calculated data and experi-
mental results: (a) Current of the TCA; (b)
Displacement of the TCA

and compared with the experimental data, as illustrated in
Fig. 9. Specific data of the significant characteristics of the
TCA and its error between the experimental results and
calculated data are tabulated in Table 3.

It is assumed that the error between the experimental
data and calculated results is mainly caused by the
ignorance of the friction between the shaft and the guiding
structure in the analysis because this friction is difficult
to be considered in the analysis due to its nonlinearity.
However, the calculated results agree well with the
experimental data within the acceptable error as shown in
Fig. 9 and Table 3. Hence, it is verified that the proposed
analysis method is correct.

The TCA is designed optimally by using the proposed

optimal design method and its prototype satisfy with the
requirements. Furthermore, by using the optimization
method, time and effort for the design are mitigated
compared to the conventional trial-and-error design method.
Hence, it is testified that the optimization algorithm for
the TCA is useful. Furthermore, via the test of the
prototyped TCA, the usefulness for the arc eliminator is
validated.

7. Conclusion

The TCA has received much attention due to its
fascinating merits. Hence, the findings presented in this
paper are noteworthy in the aspect that the optimal
design strategy for the TCA are proposed by using the
optimization algorithm and via the precise inspection of the
significant variables of the TCA. The usefulness of the
proposed method is verified through the experiment.

Furthermore, this research is significant in that the
superiority of the TCA for the application of the arc
eliminator for the high power CB is testified via the
prototyped TCA and this result can help the proliferation
of the TCA for arc eliminators.
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