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Abstract— Thomson coil actuators consist of an electric coil 
repelling a metallic disk.  They are considered the fastest 
electromagnetic actuators for short travels and for this reason are 
favored for DC circuit breakers.  Although the basic physics are 
understood, the actuator’s few components are very 
interdependent, making for a difficult analysis.  Actuator design 
so far has thus been limited to trial and error based on finite-
element models.  In this paper, a novel approach is presented 
based on the electromagnetic frequency response of the actuator.  
This method is shown to be an intriguing analysis tool and various 
actuator design directions are presented.  Experimental results 
provide a confirmation of the analysis. 
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I. INTRODUCTION 

DC grids are enjoying a renaissance due to the development 
of renewable energy and the emergence of DC loads such as data 
centers.  The interruption of current under fault is however an 
issue because unlike AC, the current does not naturally cross 
zero.  Effective DC circuit breakers have thus been identified as 
key enablers for the future grid [1].  To provide fast interruption 
with minimal losses and at a reasonable price, hybrid 
configurations have been proposed:  An electromechanical 
actuator breaks the circuit while the current is temporarily 
diverted [2]-[5].  Fast electromechanical actuation is needed 
though to minimize the stress on the semiconductors through 
which the fault current is diverted, and Thomson coils are prime 
candidates for this [5]-[21].  They are the focus of the paper. 

A Thomson coil actuator is shown schematically in Fig. 1, 
along with the exciting circuit (Fig. 2).  The actuator consists of 
a coil which when excited by a current pulse, induces eddy 
currents in the disk, thus repelling it.  The current pulse is the 
result of the capacitor discharge following the switching on of 
the circuit thyristor (Fig. 2).   

The basic operation of the actuator has been described before 
[6],[7].  Early authors developed the relevant mathematical 
derivations for Thomson-coil actuators, quite complex because 
of the transient aspect and geometrically diffuse nature of the 
induced currents [6],[7],[9].  The circuit itself is an LCR system, 
but one where the inductance varies with frequency and disk 
position.   Due to this complexity,  some researchers  have used 

       
Fig. 1. Thomson-coil actuator model     Fig. 2:  Thomson-coil circuit 

experimentation [8],[18].  More recently, designers have relied 
increasingly on finite element analysis (FEA) [9],[11],[15],[16], 
even multiphysics [121],[13],[17],[18],[20] the latter in order to 
include the mechanical aspect of the problem (such as to assess 
the stress and flexing of the moving disk [18]).  Therefore, the 
basics physics are understood, and engineers have a tool to 
predict performance. 

However, even with such powerful methods, design is still 
a challenge.  The apparatus needs to be reasonably sized, along 
with energy, voltage, and current levels, leading to an 
optimization process aimed at getting the fastest motion with 
the smallest voltage, current, and size possible.  While 
automated optimization is now available [22], a deeper 
understanding of the factors at play will facilitate reaching a 
satisfactory trade-off.  To this end, this paper proposes a new 
approach based on the frequency response of the actuator.  This 
approach provides new insights, including the finding of an 
electromechanical resonance, and makes it possible to reach a 
new understanding of design parameter interaction.  This 
approach provides a physically sound view of the problem, as 
corroborated by tests and FEA, while making it possible to 
analyze design parameters independently of one another. 

The paper is organized as follows.  A first section describes 
the system in more details, presents the FEA analysis as well as 
experimental data for an early prototype.  So validated, the FEA 
is used at various stages of the analysis to justify or corroborate 
simplifying hypotheses and partial results.  Then, the new 
modeling approach is described.  The method is finally used to 
analyze a number of actuator design parameters.   

II. SYSTEM DESCRIPTION, TEST SETUP, AND FEA MODEL 

A. System Description 

The target application for the Thomson-coil actuator is a DC 
circuit breaker, shown schematically in Fig. 3 with the vacuum 
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interrupter on top, the Thomson-coil actuator below and a 
damping mechanism at the bottom.  Motion is downwards.  The 
selection and design of the vacuum interrupter and damping 
mechanism are beyond the scope of the paper.   

 
Fig. 3. Overall DC breaker system (left) and Thomson coil actuator (right) 

The experimental setup is shown in Fig. 4.  The dimensions 
for the actuator are given in Table I.  This set-up was built early 
on to assess a number of factors concerning the actuator and 
other aspects of the system.  As such, the design was a working 
tool not intended to be optimal.  The moving mass, 500g, 
includes the moving parts of the vacuum interrupter, shaft, and 
damping mechanism.  The disk was made of aluminum (alloy 
6061-T6) which is mechanically stronger than copper, offsetting 
its higher resistivity in terms of overall performance [15],[18].  
Motion was measured with a laser sensor.  From a system 
perspective, ultimately, the target is for the breaker to open 6kV 
at 1kA peak with a peak allowable clamping voltage across the 
breaker of 12kV.  The actuator itself will be designed to reach 
1mm travel (out of a total 6mm) within 0.5ms [1]. 

 
Fig. 4. Picture of the experimental setup 

TABLE I.  THOMSON-COIL ACTUATOR PROTOTYPE DIMENSIONS 

Disk 

Inner radius 3.2 mm 
Outer radius 38.1 mm 
Thickness 6.0 mm 
Material Aluminum 6061-T6 

Coil 

Number of turns 14 
Wire size 12 AWG 

Inner radius 9.3 mm 
Outer radius 38.1 mm 

Airgap Length 0.8 mm 
Load Mass 500 g 

Capacitor 
(electrolytic) 

Capacitance 20 mF 
Voltage 275 V 

B. FEA Model and Test Results 

The FEA model used ANSYS Maxwell for the magnetic 
problem (Fig. 1), and Simplorer for the exciting circuit (Fig. 2).  
Thanks to axisymmetry, a 2D model takes full account of the 
geometry.  Fig. 5 shows the correlation between FEA and tests, 
current (left) and position (right).  Note that an extra resistance 
and inductance were added to the circuit (30m and 3.0H). 
These correspond to the circuit parasitic resistances and 
inductances, such as the capacitor ESR, wires, and connectors, 
which are significant given the low inductance (3 to 5H) and 
resistance (around 12mof the coil.  Such adjustments are 
common in this context [17].  No particular attention was given 
to minimizing parasitic elements at this early stage of the 
project.  The current (up to and beyond peak value) is well 
modeled.  Early displacement is also, although later position 
values are off, likely because of insufficient details concerning 
the mechanical load and system, including the 0.8mm airgap 
estimate.  The tests used a damping mechanism for the end of 
motion, not included in the model which instead had a hard stop 
at 6mm.  These encouraging test results make it possible to use 
the FEA analysis to verify the validity of various hypotheses and 
results of the new approach. 

 
Fig. 5. Test and FEA results:  Current (left) and displacement (right) 

III. SYSTEM EQUATIONS 

A. Circuit Equations 

The coil drive is an RLC circuit (Fig. 2).  The capacitor C 
holds the energy for the motion.  The inductance L is the 
inductance of the coil (plus wires and capacitor).  L varies with 
frequency and disk position.  As will be seen later though, the 
range for L is relatively small (2 to 1 or so), so as a first step, it 
is assumed constant.  The resistance R is the sum of the inner 
resistance of the capacitor (ESR), the resistance of the wires and 
connectors, and of the coil.  It is also impacted by frequency, 
but only at frequencies beyond practical coil designs. 

RLC circuit equations are well known. Specifically: 
 The initial slope of current I versus time is voltage V 

over inductance L.  Capacitance is not a factor: 

 =       (1) 

 The current waveform is critically damped for the 
following value of R, and underdamped or overdamped 
if R is below or above this value, respectively: 

𝑅 =   2 𝐿
𝐶    (2) 

 The time for current peak, 𝑡 , is given by: 
𝑡    =   𝜑 / 𝐵    (3) 
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with, if underdamped:      tan(𝜑) =   

or if overdamped:    tanh(𝜑) =   

where:  𝐴 =  and 𝐵 =
|  |

 
 

 The maximum value of 𝑡  occurs when R=0: 

𝑡    (max) =    √𝐿𝐶      (4) 

which corresponds to the minimum frequency fmin: 

𝑓 =   
√

    (5) 

The current therefore starts with the same slope V/L 
regardless of the resistance and capacitance values.  However, 
the larger the resistance, the earlier and thus the lower the peak 
current.  Minimizing the resistance, especially the capacitor 
ESR, is therefore a critical aspect of an effective design. 

B. Impact of Motion on Current and Force Levels 

Current generates force, and force is the source of motion.  
At the same time, motion has an impact on current and thus 
force, in three ways:  First, a larger airgap reduces the coupling 
between coil and disk, thus lowering the force.  Second, the 
reluctance of the flux generated by the coil changes with 
position.  Third, there are motion-induced eddy currents.  The 
latter are usually not considered [6],[7], but the case can be made 
that all three can be neglected, because force and current develop 
before much motion has occurred.  Therefore, models without 
motion are sufficient to estimate current and force profiles. 

To verify the validity of this assumption, the model was run 
with and without motion of the disk.  The results are shown in 
Fig. 6.  The current is hardly affected.  The force profile is 
different, but only after the peak force has occurred.  The force 
peaks early, before the current (noted also in [15],[17]).  In other 
words, the change in inductance due to motion occurs late in the 
process, barely affecting current, force and therefore travel time.   

 
Fig. 6. Current and force, with and without motion (FEA) 

C. Force on Thomson-Coil Disk 

The repulsion force on the disk is the result of the interplay 
of the coil current with the current induced in the disk.  A 
number of authors have derived it as a function of the coil 
current Icoil, disk current Idisk (induced by the coil current), and 
the mutual inductance M between the two, the latter in the form 
of its derivative with respect to displacement x (varying airgap) 
[10],[11],[19],[23],[24]: 

𝐹 =  𝐼   𝐼       (6) 

For the present purpose, and as understood better later, it is 
useful to consider the case where the coil current is a sustained 
sinusoidal current: 

𝐼  (𝑡) =  𝐼 sin(𝜔𝑡)       (7) 

A Thomson coil is essentially a transformer, with a single, 
short-circuited turn (the disk) as its secondary.  Based on this 
analogy, if the coil current is sustained and sinusoidal, and with 
motion neglected, the induced current in the disk is also 
sinusoidal with a fundamental component at the same frequency 
and out of phase by some angle φ.  Therefore: 

𝐼  (𝑡) =  𝐼 sin(𝜔𝑡 +  𝜑)      (8) 

Again by analogy with transformers, the disk current is 
proportional to the coil current, by a factor k.  k is the turns ratio 
between the secondary (1 with a solid disk) and the primary 
(number of coil turns), reduced by the presence of the airgap: 

𝐼 = 𝑘 𝐼      (9) 

Combining (6)-(9), we get the force F(t): 

𝐹(𝑡) = 𝑘 𝐼 sin(𝜔𝑡) sin (𝜔𝑡 + 𝜑)   (10) 

After some manipulation, this force can be decomposed into 
a DC and an AC component: 

𝐹 (𝑡) =    𝑘 𝐼   cos(𝜑)    (11) 

𝐹 (𝑡) = −   𝑘 𝐼      cos(2𝜔𝑡 +  𝜑)     (12) 

The following observations can be made:  First, the force 
(both DC and AC components) is proportional to the square of 
the coil current magnitude.  Second, the frequency of the AC 
force is twice that of the current (explaining why force peaks 
before current, Fig. 6).  Further, the DC component is always 
smaller than the magnitude of the AC component, by the factor 
cos(𝜑), i.e. the phase lag between the disk and coil currents.  
Accordingly, under sustained excitation, the repulsion force will 
be negative once per period (this is the case in Fig. 6 after 1ms).  

D. Circuit Pseudo Frequency and Travel Time 

It was seen, Fig. 6, that the current and force peak early, and 
before the desired travel time (0.5ms).  Said differently, if the 
current keeps flowing in the coil near the end of motion, or for 
that matter afterwards, such late currents and forces are useless 
(see also [15]).  Stating thus that the current should peak at a 
time tctpk roughly equal to half the target time Ttr, one can derive 
an approximate target pseudo frequency fps for the coil current, 
since tctpk is 1/4th of the current period Tct.   

𝑡  =       (13) 

𝑓 =  =   
 

 =   
  

   (14) 

The pseudo frequency is related to circuit parameters L, C, 
and R by (3).  This equation, however, does not lend itself to 
simple derivations.  It is therefore convenient to relate the 
pseudo frequency of the circuit to its ideal frequency fLC in the 
absence of resistance, with only L and C, given by (5).  This 
ideal frequency will always be less than the circuit pseudo 
frequency.  Assuming a factor of 2 (corroborated later in the 
paper, Section IV.B.2) yields, from (5): 
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𝑓 =  2 𝑓  =
√

    (15) 

By combining (14) with (15), and noting that 2 ≈10, one 
gets a convenient target value for the product LC as a function 
of the desired target time: 

𝐿 𝐶 =   0.4  𝑇     (16) 

This formula appears better suited to the selection of the 
capacitance value than the capacitance energy (𝐸 = 𝐶 𝑉 ) 
suggested at least indirectly by previous authors [15],[16]. 

IV. SYSTEM FREQUENCY RESPONSE :  APPROACH , RESULTS 

AND COMPARISON WITH TRANSIENT MODEL 

A. Approach and Results 

As said in the introduction, previous authors have followed 
either one of two paths:  Some developed the physical equations, 
in essence, they calculated the mutual inductance as a function 
of current and position, and developed the relationship “k” 
between disk and coil currents.  Other solved these equations via 
FEA.  It will be seen now that an alternative approach, based on 
a frequency analysis of the system, can provide useful insights, 
some never observed before.  In short, it consists of replacing 
inherently transient equations with a stationary AC problem.  
This method will highlight the coupling between the electric 
circuit and the force, that is, between the electrical and 
mechanical systems.   

To this effect, the FEA model of the prototype setup was run 
with an AC current of constant magnitude (an arbitrary 5kA) or 
voltage (250V) at frequencies from 0.1Hz to 1MHz.  The 
resistance and inductance of the coil were derived as well as the 
force on the plate.  The disk was stationary, as justified earlier. 

Looking first at the circuit resistance, Fig. 7, it varies little 
until frequencies on the order of 5kHz, beyond the practical 
range for Thomson-coil actuators.  The inductance (Fig. 8), on 
the other hand, is constant at low and high frequencies (8.5H 
and 1H, respectively), with a transition between 10Hz and 
10kHz.  At low frequencies, the flux penetrates deep in the disk, 
providing little reluctance to the flux.  At high frequencies, the 
induced currents in the disk are strong and prevent the magnetic 
flux from extending beyond the airgap, making for a high 
reluctance.  Comparing, finally, the resistance, reactance, and 
impedance of the circuit (Fig. 7), the coil is mostly resistive until 
around 1kHz, then largely inductive.  As a result, for a constant 
voltage, the current is constant at low frequencies and drops to 
essentially zero at higher frequencies (Fig. 9). 

 

Fig. 7. Resistance, impedance and reactance vs. frequency 

  
Fig. 8. Inductance vs. frequency        Fig. 9:  Current vs. f. (constant voltage) 

The most important result from this analysis, however, is the 
plot of AC and DC forces versus frequency for a constant 
voltage (Fig. 10.a) and constant current (Fig. 10.b).  For a 
constant voltage, there is a clear resonance taking place in the 
electromechanical system, with a peak force occurring at a given 
frequency, around 400Hz in this case.  At low frequencies, little 
current is induced in the disk, thus no force is produced.  As 
frequency increases, so does the force.  At high frequencies, the 
current in the coil is small due to the high circuit reactance.  This 
drop in force occurs just below 1kHz, that is, the frequency at 
which the circuit goes from resistive to inductive (Fig. 7).  If the 
reactance constraint is removed, the force keeps increasing, as 
shown in Fig. 10.b where force is calculated for a constant 
current.  Note also that in both cases (constant voltage or 
current), the AC force is always equal or larger than the DC 
force, consistent with prior observations (11),(12).  It is equal at 
both low and high frequencies, and larger during resonance. 

Continuing on this analysis, Fig. 11 shows the phase of the 
AC force (phase lag relative to coil current) versus frequency, 
for a constant current.  Based on (12), this is also the phase lag 
between disk and coil currents.  It is similar to the phase shift 
between primary and secondary currents in a transformer, and 
goes from 0 to 90.  The transition, between 10Hz and 1kHz, 
matches the resonance of force at a constant voltage (Fig. 10.a). 

  
            (a)                                                            (b) 

Fig. 10. Forces vs. frequency, with (a) constant voltage and (b) constant current   

 
Fig. 11. Phase of AC force relative to coil current, vs. frequency 
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The conclusion is that there is a resonance within the 
electromechanical energy conversion, seen from the bell shape 
of the force profile.  To the authors’ knowledge, the existence of 
such a resonance in the actuator force has not been reported 
before in the literature.  Further, it comes to reason that the force 
peak could be matched to advantage with the frequency of the 
electrical circuit.  Another observation is that such an analysis 
could be used as a complement to the FEA model, in order to 
simplify the analysis of various design parameters.  In the 
following section, the results of the frequency response analysis 
are compared with the more conventional transient model, to 
ensure that results from frequency analysis can quantitatively 
predict performance potential. 

B. Comparing Frequency Response and Transient Model 

1) Transient model:  Fig. 12 shows the results of the 
transient model, as calculated by FEA for the same coil 
analyzed with frequency analysis, with the addition of motion. 
“Transient model” refers to the full FEA actuator model versus 
time, including disk motion, as opposed to the frequency 
analysis model. The data in Fig. 12 are the same as in Fig. 6, 
but with fewer traces and showing only the first 0.4ms, for 
clarity. 

 
Fig. 12. Transient model:  Force and current versus time for exemplary set-up 

2) Pseudo frequency of the coil current:  The first step in 
this comparison is to establish the circuit pseudo frequency 
from the frequency response.  The pseudo frequency is given 
by (3), with L provided by the frequency response (Fig. 8).  This 
must be solved by iteration, or graphically (Fig. 13).  To do so, 
data for L are obtained for a range of frequencies, then the 
circuit operating pseudo frequency calculated, and the solution 
is when the pseudo frequency matches the input frequency:  In 
Fig. 13, when the result crosses the y=x line. 

 
Fig. 13. Graphical solution of (3) for the prototype 

 

In this instance, the circuit is underdamped until around 
120Hz (broken trace), then overdamped.  The solution is 
approximately 780Hz.  At such a pseudo frequency, the current 
first peak occurs at 0.32ms.  Referring back to Fig. 12, the 
transient model shows the current peaks at time 0.33ms, an 
excellent match.  The frequency analysis (Fig. 13) assumes 
operation at a single frequency while the transient model takes 
into account the full complexity of the dependency of L and R 
on frequency.  The closeness of the two results shows that it is 
adequate to assume that the system operates at a single 
frequency (or dominant frequency).  Further, this value can be 
found by frequency analysis alone. 

The pseudo frequency is also somewhat less than twice the 
frequency value when R=0, which can be similarly calculated 
to be 425Hz.  This corroborates the selection of a factor of 2 
leading to (15). 

3) Current peak:  The full transient model shows the 
current peaks at 4.5kA (Fig. 12).  This value can be compared 
to the value obtained from the frequency response analysis, 
with the current graph shown as Fig. 9.  At 780Hz, the current 
is around 4.3kA, very close to the 4.5kA found in the full 
model.  This shows that a frequency response analysis is 
sufficient to predict both the peak value and timing of the 
current in the coil.  Note that Fig. 9 was calculated for a constant 
voltage of 250V.  The data in Fig. 12 are for a circuit energized 
by a capacitor with an initial voltage of 275V and a voltage 
reduced at time 0.32ms to 221V, such that 250V is a suitable 
average value. 

4) Inductance:  The inductance calculations with the two 
models can also be compared.  The initial slope of current in an 
LCR circuit is V⁄L , where V is the initial capacitor voltage (1).  
The inductance can thus be calculated from Fig. 12 (transient 
model, initial voltage = 275V) as 6.65H.  With an extra circuit 
inductance of 3H, this means the coil inductance is 3.35H.  
Turning to the frequency analysis, the inductance is 3.4H at 
780Hz, see Fig. 8, a very close estimate. 

5) Force:  Fig. 12 also shows the force versus time.  It peaks 
at time 0.24ms.  It is logical to see it peak before the current, 
since the AC force oscillates at twice the frequency of the 
current (12).  The peak value of the force is 5.3kN.  This is, 
however, a transient value and a direct correlation with the 
frequency analysis is more difficult, since that analysis assumes 
steady-state sinusoidal excitation and calculates the DC and AC 
force separately.  Referring to Fig. 10.a, the DC force around 
780Hz is 2.9kN and the AC force magnitude is 3.1kN.  The 
transient model result, 5.3kN, is more than the DC force alone 
(2.9kN), and less than the sum of both (6.0kN). 

C. Circuit Pseudo Frequency and Force Resonance 

It is important to consider at which frequency the force 
resonates.  As seen in Fig. 10.a, the force peaks (resonates) 
around 500Hz (DC force) and 310Hz (AC force), below the 
circuit pseudo frequency (780Hz).  If the system were operating 
at the force resonant frequency, the DC force would be 3.3kN 



(14% more than at 780Hz) and the AC force magnitude would 
be 3.9kN (22% more than at 780Hz).  It may thus be that this 
initial design was close to, but not at, optimum.  

V. ACTUATOR PARAMETER ANALYSIS 

A. Method 

Frequency analysis makes it possible to analyze Thomson-
coil actuators one parameter at a time, thus providing unique 
physical insights.  This is done by analyzing geometries with 
FEA in Cartesian coordinates, where the disk, which now must 
be called plate, is infinitely long and very wide.  In doing so, 
wire spacing, size, shape, airgap, material, coil size and a 
number of design parameters can be analyzed independently of 
one another.  Figs. 14-15 illustrate this method for the case of 
wire spacing.  The figures show the two wires and the large 
plate across the airgap, with current and flux densities at 60Hz.  
This geometry can easily be modeled by FEA to provide the 
frequency response of the system as a function of a single 
parameter, wire spacing in this example.  Table II provides 
dimensions used for the analysis. 

     
            (a)                                                            (b) 

Fig. 14. Model of 2 wires, far apart;  (a) Current densities; (b) Flux densities 
 

      
         (a)                                                           (b) 

Fig. 15. Model of 2 wires, close together;  (a) Current densities; (b) Flux 
densities (both Figs. 14 and 15 shown for 100V at 60Hz) 

TABLE II.  DIMENSIONS FOR THOMSON COIL PARAMETER ANALYSIS 

Plate 

Width 200 mm 

Length Infinite (2D) 

Thickness 5.0 mm 

Material Copper 

Wires Diameter 2.0 mm 

Airgap Length 1.0 mm 

Excitation Voltage 100V 

B. Wire Spacing 

This answers the following questions:  How far apart should 
the coil wires be from one another?  How do neighboring coils 
interact with one another?  This question is difficult to answer 

with a transient model of a given geometry, because a wider 
spacing means fewer turns, or smaller wires for a given coil 
diameter.  For a practical geometry and with a transient model, 
wire spacing as a design parameter is inextricably linked to coil 
size, wire size, and turn number.  The frequency response of 
such a system described in Figs. 14-15 is shown in Fig. 16, 
plotting the DC force only for clarity.  The AC force was found 
to be consistently slightly more than the DC force, and peaking 
at about the same frequency (as shown in Fig. 10.a).  Also 
shown in Fig. 16, in red, is the force from a single wire.  When 
far apart, the two wires act independently and the total force is 
the sum of the forces from each wire.  When very close, the 
total force is four times the force from one wire.  Four is N2, 
where N is the number of wires (N=2).  When close, as 
illustrated in Fig. 17, there is a mutual inductance between each 
wire and the plate current induced not only by this wire, but by 
its neighbor as well.  In this example, the transition occurs 
around 10mm.  Therefore, adding to a coil width beyond this 
adds linearly to the force, whereas before that the growth is 
quadratic.  Noting that what matters here is acceleration, not 
force, and since adding to the coil width requires adding to the 
moving disk mass, a diminished return may be reached. 

 
Fig. 16. Force pattern for various distances between 2 wires (constant voltage) 

 

 
Fig. 17. Current induced by two wires and interaction with plate current 

(close-up of Fig. 15.a).  The shades of blue indicate induced currents. 

C. Coil Width 

The coil width was analyzed by assuming a single, 
rectangular wire of thickness 1 mm at a 1-mm airgap from a 
large plate or disk.  The problem was analyzed in both Cartesian 
coordinates and axisymmetric coordinates.  Only the latter is 
shown for brevity.  The results are qualitatively similar, the 
difference being that in the axisymmetric geometry when the 
coil width is increased, the length of the wire is also changed 
(longer) thus affecting the impedance of the coil.  The model is 
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shown in Fig. 18 and the frequency response for a constant 
voltage in Fig. 19.  Coil width was varied by keeping the inner 
radius constant (5mm) and changing the outer radius. 

The force peak values can be fitted with respect to coil width 
by either one of two equations, one for smaller and the other for 
larger coil widths,  For lower coil widths w, less than 10mm: 

𝐹 = 𝛼𝑤 𝑒   (𝜆 = 0.11) (17) 

and for larger widths (w > 10mm): 

𝐹 = 𝛽(𝑤 + 𝛾) (1 − 𝑒 ) (𝜆 = 0.20) (18) 

where  and  are constants selected for curve fitting.  

The peaks of force versus frequency vary first as the square 
of the coil width (17), then proportionally after 10mm or so 
(18).  This finding is consistent with the results concerning wire 
spacing.  When the coil is wide, there is a diminishing return 
with wider coils due to the absence of mutual inductance 
between one end of the coil and the current induced by the other 
end of the coil.  This diminishing return is amplified by the need 
for a larger disk thus mass with a wider coil. 

   
(a)                                                            (b) 

Fig. 18. Model of coil width;  (a) Current densities; (b) Flux densities (60Hz) 

 
Fig. 19. Force pattern for various coil widths (Single wire at 100V) 

D. Number of Turns for Given Coil Width 

The selection of the number of turns is a critical design 
element.  The difficulty, usually, consists of separating that 
question from a number of other ones, such as wire size, disk 
size, etc.  To overcome this limitation, two similar problems, 
but with one important difference, are now compared.  They are 
based on a given geometry with 16 turns facing a disk, 
connected as follows:  In one case, all in series.  In the other 
case, the turns are divided in two groups of 8, placed in parallel.  
In order to neutralize the effect of axisymmetry, whereby outer 
turns are longer than inner turns, the turns are assigned 
alternately to one group of 8 or the other from the inside to the 
outside of the coil.  It follows that the parallel configuration, in 

essence, uses exactly half the number of equivalent turns, with 
everything else being the same.   

The results are shown below, first force for a constant 
voltage (Fig. 20), then force for a constant line current (Fig. 21), 
which divides the current in half in each branch for the parallel 
case.  The case with the 16 turns in series is shown on the left 
and the case of 8 turns in parallel with 8 other turns on the right.  
The results are direct ratios of one another.  For a constant 
voltage, the force is 4 times larger with 8 turns in parallel with 
8 others, because the current is twice as large and force goes 
with current square.  For a constant overall line current, the 
opposite is true:  The force is 4 times larger in the series case, 
because there are twice as many effective turns.   

 
              (a)                                           (b) 

Fig. 20. Force vs. frequency for constant voltage;  (a) 16 turns in series;        
(b) 8 turns in parallel with 8 other turns 

 
              (a)                                           (b) 

Fig. 21. Force vs. frequency for constant current;  (a) 16 turns in series;        
(b) 8 turns in parallel with 8 other turns 

The conclusion is:  If one operates within a current limit, it 
is better to have as many turns as possible, as this increases the 
Ampere-turns.  Conversely, if there is a voltage limit, the fewer 
turns, the better, in order to draw as much current as possible.  
This is because the impedance of the circuit goes with N2 (N 
being the number of turns equivalent), therefore for a given 
voltage, current goes with 1/N2 and the Ampere-turns (NI) go 
with 1/N.  These principles can guide actuator design, with the 
thyristor rating establishing the current limit and the capacitor 
selection and charging circuit providing the voltage limit. 

VI. CONCLUSIONS 

The paper introduces a novel analysis technique for 
Thomson-coil actuators.  It replaces the transient analysis used 
before either through complex equations or FEA, with a simpler 
analysis of the frequency response of the actuator.  This perhaps 
counter-intuitive approach of replacing a transient problem 
with an analog stationary one was demonstrated to be valid, as 
predictions in terms of coil inductance, circuit pseudo-
frequency, current magnitude and to some extent force level 
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were corroborated by FEA results, the FEA itself checked 
against experimental data. 

Concerning Thomson-coil actuators, the new method made 
it possible to draw a number of general conclusions: 

• The coil electric circuit operates at one dominant 
frequency, even though the inductance varies with frequency. 

• The circuit operating frequency can be determined from 
frequency response analysis alone.  It is also possible to 
calculate the peak current from frequency analysis, as well as 
an approximate value of force. 

• The coil inductance and circuit capacitance are 
approximately related to the target travel time Ttr by: 

𝐿 𝐶 =   0.4  𝑇  
• The force is a combination of a DC force and an AC 

force (when excited by a pure sinusoidal current).  The 
frequency of the AC force is twice that of the current.  The DC 
force is slightly less than the magnitude of the AC force, by 
cos, where  is the phase shift between coil and disk currents. 

• It was found that in Thomson-coil actuators, the force for 
a given voltage resonates at a given frequency.  It would be 
desirable for this frequency to be also that of the coil circuit, or 
at least to be as close to it as possible. 

• It is critical to reduce the circuit resistance as much as 
possible, especially the parasitic resistance, in order to have the 
largest current possible.  

• Force depends on wire spacing to the square of the 
distance for small values, and linearly beyond.  Similarly, coil 
width goes quadratically, then linearly as width increases.  

• The number of turns should be selected to balance and 
maximize the thyristor current and capacitor voltage ratings:  
More turns for a given current, fewer turns for a given voltage. 

More generally, the paper introduces a novel approach to the 
study of transients in electromechanical systems by replacing 
the transient problem with a simpler one involving the frequency 
response of the system, which the authors surmise may find 
useful applications beyond Thomson-coil actuators. 
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