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Abstract: 
A contact system driven by a high energetic Thomson actuator requires to be decelerated from full speed down 
to zero. The forces originated from the interaction between a stationary copper tube and a moving array of 
magnets combined with plastic separators or ferromagnetic material are used to generate eddy-current damping. 
Five different configurations of small but strong neodymium magnets and spacers were benchmarked for simple 
free-fall damping. A comparison between experimental results and simulations (using COMSOL) shows that the 
most effective damping is reached by two consecutive permanent magnets with opposite magnetization 
directions, separated by low-carbon content steel concentrators. The proposed damper design is the result of the 
balance between various parameters such as magnet orientation topology in the array, spacer material and its 
dimensions, copper tube thickness and the air gap between copper tube and array. Furthermore, the design was 
scaled up and an actuator-drive system was added to perform more realistic tests, which demonstrated the 
damping effectiveness on a fast moving armature actuated by a Thomson coil energized by a capacitor bank. 
The results of these tests validated the numerical model with a good degree of accuracy. 
 
Keywords: Damping, Thomson actuator, eddy currents, magnets, ferromagnetic materials, magnetic flux 
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Introduction 

Recent research has led to rapid progress regarding 
various types of high-energy actuator designs. 
Improvements in numerical computation allowed the 
design of devices with ultra-fast displacement of the 
actuator’s moving part. Yet, after the contact system 
is accelerated to attain the desired steady state 
velocity, it should be decelerated down to zero upon 
the application of a controllable force within a 
specific and short period of time. Otherwise, a 
collision might lead to excessive mechanical stresses 
exceeding the ultimate yield stress of fragile 
components deforming them permanently.  

The utilization of a linear Halbach array in an 
eddy-current braking system with high speed [1] had 
been suggested earlier by Seok-Myeong et al. in 
order to generate a higher damping force on the 
moving part. Ebrahimi et al. [2] then proposed an 
eddy current damper (ECD) design that exploits the 
relative motion between the permanent magnets and 
the conductive pipe. This idea was later refined and 
double layers of the Halbach construction were 
integrated in the system in order to further increase 
the damping effect [3]. 

In this paper, a dedicated damper design for a 
contact system driven by a Thomson actuator is 
presented. It is based on the use of an array of 
permanent magnets generating eddy currents in a 
copper tube. 

 

Method and modelling 

The initial idea for this design was derived from the 
classic educational demonstration of a magnet 
falling into a copper tube [4-5].  

First, five arrays of small but strong (N52) 
neodymium magnets were benchmarked for simple 
free-fall damping (Fig.1). The design with the 
optimal structure was then improved in several steps. 
Firstly, the number of large size magnets was 
increased. Secondly, the separation between each 
two consecutive magnets was optimized. Thirdly, 
the optimal thickness of the copper tube was 
identified. Fourthly, the most appropriate materials 
for the spacers were selected. 

 
Fig. 1: Benchmark between various magnet arrays 
falling in a copper tube; the arrays are displayed 
from left to right according to damping efficiency. 
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The analytical results of this simulation were then 
experimentally verified and discussed in order to 
validate the effectiveness of the proposed design. 

The configurations in Fig.1 are defined as follows: 
(A) Two magnets having the same magnetization 
direction without spacers; (B) Two magnets having 
the same magnetization direction with plastic 
spacers; (C) Two magnets having opposite 
magnetization directions with plastic spacers; (D) 
Two magnets having the same magnetization 
direction with ferromagnetic spacers (made of 
low-carbon content steel) that act as flux 
concentrators; (E) Two magnets having opposite 
magnetization directions and ferromagnetic 
concentrators. 

The performed simulations indicated that the most 
effective free-fall damping is provided by an array 
of two consecutive permanent magnets with 
opposite magnetization directions, separated by 
concentrators (South (S) North (N) - Fe 
concentrators - NS). The height of the ferromagnetic 
concentrator was found out through parameter 
variation.  

In order to obtain a realistic damping system, the 
chosen configuration (model E) was scaled up by 
means of more powerful magnets (graded N38 but 
much larger). Moreover, the array is now driven by a 
Thomson coil actuator [6]. The features of the 
magnets for the new system are given in Table 1. 
 

Outer 
diameter 

(mm) 

Inner 
diameter 

(mm) 

Thicknesses 
(mm) 

Mass 
(g) 

50 20 10 123.1 
Table 1: Dimensions of the N38 magnets  
 
The copper tube’s external diameter is 81 mm and 
its internal diameter is 52 mm. The air gap between 
the magnet array and the copper tube is 1mm. The 
concentrator was assumed to have a relative 
magnetic permeability (μr) of 250 and its height is 
10 mm.  

The new array consists of four magnets and five 
ferromagnetic concentrators alternatively arranged. 
The damper’s total mass is composed of the magnets’ 
mass and 3kg of extra load representing the armature 
and the shaft. 

A two dimensional axis symmetric simulation model 
is developed based on the finite element method 
(FEM). The magnets are assumed to be completely 
immersed in the copper tube with an initial velocity 
of 10 m/s. As the magnets move in a direction 
parallel to the z-axis, the time derivative of the axial 
component of the magnetic field will induce 
azimuthally directed eddy currents in the copper 

tube (see Fig. 2). The product of the radially oriented 
magnetic field with the induced currents in the 
copper tube results in an axially directed body force 
known as the Lorentz force. All the forces induced 
in the copper tube will be distributed in such a way 
as to decelerate the moving magnet array. The force 
density in the copper tube is integrated and equated 
to the magnet array. The force felt by the copper 
tube will also be felt by the magnet array but in the 
opposite direction as stated by Newton’s third law, 
the action-reaction law.  

Based on these assumptions, the peak Lorentz force, 
deceleration time and maximal displacement of the 
magnets were estimated (see Table 2). 

 
Fig. 2: Eddy-current density in the azimuthal 
direction 
 

Deceleration 
time (ms) 

Maximal 
displacement 

(mm) 

Peak 
Lorentz 

force (N) 
51 218.3 798 

Table 2: Estimation of the damper’s movement 
 
Experimental validation 

Experimental tests were carried out with the five 
configurations of magnet topologies presented in Fig. 
1. Each configuration was tested five times to 
compute the average displacement time of the 
magnets. The relative errors were computed by 
comparing the average values of the experimental 
data with the simulation results (see Table 3). 

Model 
No. 

Simulatio
n (s) 

Experimental 
average time (s) 

Relative 
error 

A 3.717 3.368 10.36% 
B 4.356 3.804 14.51% 
C 5.92 5.9 0.339% 
D 1.948 2.024 3.755% 
E 4.489 5.046 11.04% 

Table 3: Experimental tests and validation for five 
configurations shown in Fig. 1. 
 
Table 3 shows that model numbers C and E have the 
longest free fall time. As a result, a scaled up 
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experimental setup is built consisting of an array of 
four permanent magnets (N38), an aluminium 
armature, a fiberglass shaft, a cap made of Teflon, 
and a copper tube, five ferromagnetic spacers, and 
four plastic screws; all mounted in a steel and 
Bakelite frame (Fig. 3). Two discs made of 
polyoxyethylene, on the top and bottom of the 
copper tube were installed to act as guides in order 
to center the shaft’s moving direction and to 
minimize friction between the magnets and the inner 
wall of the copper tube. A Teflon cap placed on the 
bottom part of the shaft acts as the interface with 
which the aluminium armature collides with. 

 
Fig. 3: The prototype of the eddy current damper 

The relevant parameters of the experimental setup 
are shown in Table 4. 

Copper tube’s inner 
diameter 

52mm 

Copper tube’s outer 
diameter 

81mm 

Height of the shaft 500mm 
Mass of the moving part 

in the damper 
1.5kg 

Mass of the aluminum 
armature 

1.494kg 

Cap’s dimension 40mm in height 
30mm in width 

17mm inner diameter 
Table 4: Parameters of the whole setup 

By varying the initial voltage of the capacitor bank, 
the armature was actuated with different initial 
speeds. After the discharge of the capacitor, the 
armature is actuated. It attains a steady state velocity 
and travels freely for 40 mm until it collides with the 
shaft. The damping movement was recorded with a 
high speed camera with 5000 fps (see Fig. 4). To 
compare the experimental results with simulations, 
the initial velocity of the magnets in the simulation 
is set to 3.8 m/s, the steady state velocity measured 

from the experiment. The movement was then 
verified in COMSOL (see Fig. 5). 

 
Fig. 4: The measured velocity of the armature and 
the magnets 

 
Fig. 5: The velocity of the magnets measured by the 
high speed camera compared with simulations 

Discussion 

According to Table 3, the relative errors from 
models A, B, and E are not minor. This was mainly 
due to the lack of shaft guidance in the small scale 
model. The free fall trajectory of the magnets was 
highly dependent on the initial dropping angle. This 
error was later controlled to some extent in the large 
scale setup by the use of the two polyoxyethylene 
discs to guide the movement of the magnets.  

Fig. 4 shows the velocity profiles of the armature 
and the magnet. Initially, while the magnets is at 
stand still, the armature is accelerated from 0 m/s up 
to 4.4 m/s in just 1 ms. At 20 ms, the armature and 
the shaft collide exchanging velocities. The velocity 
of the armature drops to 0.7 m/s while the magnets 
rapidly accelerate to 3.8 m/s. Afterwards, the 
magnets decelerate slowly due to eddy currents and 
the kinetic energy of the armature is dissipated in the 
form of heat.    

Fig. 5 shows the velocity of the magnet array from 
the experiment and the simulation. The simulation 
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predicts the velocity drop of the magnet with good 
accuracy in comparison with the experimental 
results. However, in reality, the magnet decelerates 
faster due to the existence of several factors which 
may contribute to the relative errors. The factors 
influencing the results and derived from both the 
small scale and large scale experiments are listed 
below: 

(1) Unsymmetrical air gap between the magnets 
and the copper tube in the small scale setup. 

(2) The relative permeability of the ferromagnetic 
spacers and the accuracy of the value of 
copper’s electric conductivity 

(3) The remanent flux density is not precise and is 
given as a range value from the manufacturer. 
This has a significant influence on the results. 

(4) Despite the use of the two discs for the large 
scale setup which acted as a guide for the shaft, 
friction could not be eliminated completely. 

Conclusions  

This paper has shown that it is possible to decelerate 
and stop a fast moving Thomson actuator using an 
eddy-current damping mechanism and that the 
predictions made by FEM simulations matched the 
experimental test results within a reasonable 
approximation.  

The field computed numerically around the magnets 
and concentrators array is not precisely the one 
deduced from the magnet manufacturer’s data as the 
latter is not an exact value but a range. Moreover, 
the relative permeability values of the concentrator 
are also approximated. All this, in addition to the 
small but unavoidable friction between shaft and its 
guiding rings can explain the slight discrepancies 
found between modelling and experiment. 

The small scale experiments were very useful not 
only to validate our numerical model but to select 
among a diversity of magnet arrangements the best 
choice for the final proposed large scale design.  

The developed damper is a passive device having 
several advantages over other systems (e.g. 
mechanical, hydraulic or active). If well designed it 
becomes a robust mechanism with a long useful life 
(Neodymium magnets are expected to last over 
hundred years) representing a cost-effective solution. 
What is more, mechanical wear is eliminated 
between magnet and copper tube since there is no 
direct contact between them.  

Improvements of the present design are still possible 
by: increasing the number of magnets to enhance the 
damping force; narrowing the air gap between 
magnet and copper tube or improving the shaft 
guidance using dedicated bearings.  

The fact that the efficiency of the damper improves 
with the initial speed of the moving object as well as 
with the strength of the magnet array makes it 
possible to hope that solutions for ultrafast actuators 
could be upcoming in a near future.  
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