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 

Abstract—Speed sensing is an essential part in all 
closed-loop systems. There exist some situations in 
industry where the speed has to be measured without 
touching the target object, for example, the accurate 
speed measurement of the solid metal wheels with smooth 
surfaces of freight wagons. In this paper, a contactless, 
eddy-current-based speed sensor is proposed for 
applications where the speed of a smooth conductive 
surface is to be measured; but contact to or modification 
of this target surface is prohibited. The proposed speed 
sensor is comprised of a permanent magnet (PM) rotor 
that is free to rotate above the target surface. The relative 
motion of the surface with respect to the PM field induces 
eddy currents in the surface, which leads to a torque 
being applied on the rotor. Consequently, the PM rotor 
speeds up until it reaches a steady rotational speed that is 
proportional to the speed of the target surface. Three 
models are proposed. They are a 2D finite-element model, 
a 2D analytical model, and a 3D combined numerical/ 
analytical model. Measurements are taken on multiple 
hardware prototypes to validate the analysis. Finally, a 
multi-objective (PM volume vs. dynamic performance) 
Pareto optimization is conducted for the proposed speed 
sensing system. The results show that smaller rotors with 
lower pole pair numbers generally have better dynamic 
performance as well as lower costs. 
 

Index Terms—Contactless speed sensor, eddy-current, 
optimization, permanent magnet. 

I. INTRODUCTION 

PEED sensing is an essential feature in a broad range of 
closed-loop control systems found in transportation [1], 

automotive [2], machining and robotics [3]. In the operation of 
freight trains, an accurate measurement of the actual wheel 
speed is very important to the control of the train. Fig. 1 (a) 
shows a typical look of the train wheel. As can be seen, the 
wheels are made of solid metals with a smooth circumferential 
surface. 
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Fig. 1(a)Typical wheel appereance (b)Proposed speed sensing method 

 
 

Traditional methods of speed sensing use optical or 
electromagnetic properties of the moving body, whose speed 
is to be measured. For instance, optical speed sensors utilize a 
code disk or an optical mark that is attached to the moving 
target body [4, 5]. However, because the freight trains 
normally run in harsh environments, such an optical 
modification of the wheel is not favorable for a robust and 
accurate measurement of the wheel speed.  

Speed sensors that use magnetic properties may be applied 
in such harsh environments, such as Hall sensors or variable 
reluctance sensors. For example, a novel absolute magnetic 
rotary sensor is proposed [3] to measure the angular position 
of motors and robot joints. A rotary Hall effect sensor with an 
eccentrically mounted ring magnet is proposed to achieve a 
high measurement accuracy [6]. Another rotary magnetic 
position sensor with sinusoidally magnetized permanent 
magnet is proposed using Hall elements. An improved PMSM 
rotor position sensor is proposed based on linear Hall sensors 
[7].  As for variable reluctance sensors, an instantaneous 
rotation speed measurement systems is proposed for torsional 
vibration monitoring in [8]. A detailed modelling of an axial-
flux variable reluctance resolver is proposed based on 
magnetic equivalent circuits and Schwarz-Christoffel Mapping 
in [9]. Another novel variable reluctance resolver for HEV/EV 
applications is proposed in [10]. A new noncontact 
displacement sensor employing a combination of variable 
reluctance technique and Hall effect sensing is designed and 
developed in [11]. However, these methods require a non-
uniform magnetic property to be detected, which is the spatial 
variance of the magnetic permeance for variable reluctance 
sensors; and the magnetic field distribution for Hall sensors. 
For measuring the speed of the freight train wheel with 
smooth surfaces, these methods are also not suitable. 

An interesting contactless speed sensing method is described 
in [12]. It uses a U-shaped inductor to place a series of magnetic 
marks on a moving steel surface. The surface’s speed is then 
estimated based on the time difference between those marks 
being picked up by magnetic field sensors placed at different 
locations along the direction of motion. Obviously, this method 
cannot be applied to measure the speed of non-magnetic metals 
such as aluminum. A contactless speed sensor that uses eddy 
currents in conductive materials is discussed in [13]. The sensor 
is comprised of three co-planar coils placed above the target 
surface. An AC current is injected into the center coil, which 
induces eddy currents in the target surface. The motion of the 
target surface changes the eddy current distribution, which 
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leads to a voltage difference in the side coils that is proportional 
to the speed. The benefit of this method is that it does not need 
any inhomogeneity in optics or magnetics, and it can be applied 
to any conductive target, regardless it being magnetic or 
non-magnetic, as long as it is electrically conductive. However, 
a power supply is required not only to operate the measurement 
electronics, but also to inject the required current into the center 
coil and to supply the power dissipated in the target surface due 
to the eddy current losses.   

In this paper, a new contactless eddy-current-based speed 
sensor is proposed as shown Fig. 1 (b). The motivation comes 
from the industrial need of measuring the speed of the solid 
metal wheel with smooth surfaces of freight wagons in harsh 
environments. The sensor includes a permanent magnet (PM) 
rotor that is free to rotate around its axis. When placed near 
the target surface (wheel), the relative motion of the target 
surface and the PM field induces eddy currents in the target 
surface, leading to a torque being applied on the PM rotor. 
Consequently, the PM rotor speeds up until it reaches a 
rotational speed proportional to the speed of the target surface. 
The proposed contactless speed sensor can be used to measure 
the surface speed of both translating and rotating smooth 
surfaces without needing any modification thereof, provided 
that the target surface is electrically conductive. Moreover, it 
has additional benefits such as a low-cost and simple 
construction (no need of additional equipment for signal 
injection or making magnetic marks), suitable to work in harsh 
environments (not affected by dust or light), and self-powering 
potential [14, 15]. Table I gives a comparison of different 
speed sensing methods in the literature. 

 
TABLE I 

COMPARISON OF DIFFERENT SPEED SENSING METHODS IN THE 

LITERATURE  

 
Target surface 

special 
requirement? 

Suitable 
for harsh 
environ-
ments? 

Possible 
to self- 
power? 

Comple- 
xity 

Cost 

Optical 
sensor 

Need modification No No Simple High 

Hall sensor 
Must be magnetic 
or salient surface 

Yes No Simple High 

Variable 
reluctance 

sensor 

Must be salient 
surface 

Yes No Simple High 

U-shaped 
magnetic 

marks [12] 

Must be magnetic 
surface 

Yes No Complex High 

Current 
injection [13] 

Any conductive 
surface 

Yes No Complex High 

This paper 
Any conductive 

surface 
Yes Yes Simple Low 

 
The rest of the paper is arranged as follows: The principle of 

operation of the proposed speed sensor is detailed in Section II. 
In Section III, three different models are discussed, namely a 
two-dimensional finite-element model (2D FEM), a 2D 
analytical and a three-dimensional (3D) numerical/analytical 
combined model. An experimental analysis is carried out in 
Section IV. A good agreement between the models and 
measurements validates the models. In Section V, a 

multi-objective (PM volume vs. dynamic performance) Pareto 
optimization is conducted for the proposed speed sensor. 

II. PRINCIPLE OF OPERATION 

Fig. 2 shows the basic setup of the proposed speed sensor. A 
wheel comprising radially magnetized, alternating-pole PMs 
mounted on a ferromagnetic shaft, henceforth called the PM 
rotor, is free to rotate around its axis. It is placed above a 
moving, conductive target body whose speed is to be 
measured, which is henceforth referred to as the target surface. 
When the target surface is in motion as shown in Fig. 2, the 
magnetic field generated by the PM rotor induces eddy currents 
in the target surface. Thus, through this eddy-current coupling, 
a torque applies on the PM rotor and the PM rotor starts to 
rotate. The rotor then speeds up until it reaches a steady state 
speed. In other words, the working principle is very similar to 
the eddy-current coupler discussed in [16-20], or to the energy 
harvester described in [21-25]. 

 

 
Fig. 2.  General description of the proposed speed sensor. 
 

For the PM rotor, a synchronous rotational speed ω0 can be 
defined as 
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where v2 is the speed of the target surface, r1 is the radius of the 
PM rotor and g is the air gap length [21]. This allows the 
definition of the slip s as follows 
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where ω1 is the rotational speed of the PM rotor. This is similar 
to the well-known slip definition in induction machines, where 
s < 0 represents a generative operation mode. Ideally, s = 0 
would mean idling, meaning there is no relative motion 
between PM field and the target surface, no eddy currents 
induced in the target surface, and consequently no torque 
acting on the PM rotor and no losses in the target surface. 
Nevertheless, the non-constant air gap caused by the round 
shape of the PM rotor results in the no-torque slip to deviate 
from s = 0 [21].  

 The steady state value of ω1 depends on several factors such 
as the size of the rotor (width, inner and outer radii), the number 
of pole pairs, the remanent flux density of the magnets, and the 
air gap length as well as the electrical conductivity and magnetic 
permeability of the target surface. However, when the speed 
sensor application is considered, all the above-mentioned 
parameters except for the target surface speed are fixed by 
design, and a one-to-one correspondence exists between the PM 
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rotor and the target surface speeds. Consequently, the target 
speed can be measured by observing the speed of the PM rotor, 
which is very practical using a variety of methods such as Hall 
sensors, or pick-up coils [13]. In practice, bearing friction from 
the PM rotor acts as an external load, and changes the 
steady-state value of ω1. Moreover, an additional load may also 
be present if, for example, the wheel is also being used as an 
energy harvester (as discussed in [14, 21]) to power its own 
signal electronics to form a self-powering speed sensor. Even 
though such external loads change the steady-state speed of the 
PM rotor, it will still depend on the target surface speed. 
Therefore, the relationship between these two speeds will be 
analyzed in detail in the following sections. 

III. MODELING 

Three different modeling methods are used in this work: 2D 
FEM, 2D analytical and 3D combined FEM/analytical. The 
two 2D models have a good agreement with the measurements, 
particularly for prototypes featuring a low bearing friction 
(about 0.1 mNm). However, when the bearing friction (or 
additional external load) becomes larger (about 10 mNm), the 
2D models approach their limits because the 3D edge effect 
becomes more prominent compared to the low-friction region. 
All three modeling approaches are detailed in the following. 

A. 2D Finite Element Model 

Fig. 3 shows the magnetic field and eddy current distribution 
for a three-pole-pair speed sensor, calculated by a 
commercially available and commonly used 2D FEM software 
[26]. As is denoted by the white arrows in the figure, the six 
magnets are magnetized in the radial direction, with the red 
ones magnetized inwards and the blue ones magnetized 
outwards. An iron core is also modeled, which is surrounded 
by the PMs. The true motions of the PM rotor (rotation around 
its center axis) and the target surface (translation along the 
horizontal axis) are both modeled using moving meshes. 
Symmetric boundary conditions are applied on the horizontal 
ends of the model domain for simulating an infinitely long 
target surface. A time-transient solver is used to observe the 
dynamic behavior of the system from standstill [27].  

As seen from Fig. 3, the field distribution of a rotor with 
such segmentally magnetized PMs generates a similar pattern 
with a Halbach rotor [28]. The difference is that in an ideal 
Halbach rotor there is no magnetic field inside the rotor, which 
is not the case here. 

PM
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v2
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g

 
Fig. 3.  Field and eddy current distribution of the 2D FEM. 

B. 2D Analytical Model 

From Fig. 3, it could be observed that the PM rotor 
comprising discrete PMs and a magnetic core/shaft can be 
approximated by an idealized Halbach rotor for simplitcity, 
although the PMs are not arranged in the Halbach array, 
because the higher order harmonics of the field can be 
neglected especially at large air gaps. The explicit model of the 
B field of such an iron-cored rotor can be expressed in polar 
coordinates as shown in [29]. Then the eddy currents in the 
target surface can be calculated by Ampere’s law, from which 
the torque and the speed of PM rotor can also be calculated 
[30-33].  The general formulas for the 2D B field are listed in 
the Appendix.   

C. 3D Numerical/Analytical Combined Model  

 

 
 

Fig. 4. Problem geometry for the 3D model: A vertically layered 
material setup with infinite horizontal extension (x, z) is assumed. 
 

The geometry assumed for the 3D model is displayed in Fig. 
4. The B field of the PM rotor surrounded by nothing but air is 
calculated by a 3D magnetostatic FEM simulation. To emulate 
the time-dependence of the field, FEM results are needed for 
various rotor angles θ. To keep the calculation effort to a 
minimum, instead of actually modifying and re-running the 
magnetostatic model, the field data from a single simulation at 
θ=0 is evaluated at different tilted planes as shown in Fig. 5. 
Doing so, the 3D FEM model is only simulated once for every 
single geometry of the PM rotor. 

 

 

Fig. 5. Location of the FEM data capture planes, depending on the 
number of pole pairs P. 
 

A mathematically concise overview of this method is 
presented in the Appendix. The treatment is kept short since 
this paper focuses mainly on the experimental verification and 
optimization of the proposed speed sensor. A more detailed 
derivation of the model will be published in subsequent works.  

The advantage of the 3D model is that it combines the 
accuracy of a full 3D numerical model and the fast speed of an 
analytical model. On one side, the magnetic field of a rotor can 
be modelled as accurately as possible, taking the actual shape 
and magnetization pattern of the PMs into consideration, 
especially the 3D edge effect. Moreover, the static magnetic 
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field of a certain rotor needs to be simulated only once, based on 
which the performance of the speed sensor can be calculated for 
any air gap, target surface conductivity and permeability, as well 
as any speed of the target surface. This significantly reduces 
simulation time compared to a full 3D transient FEM model, 
which needs to be re-run for any modification of those 
parameters. 

IV. EXPERIMENTAL ANALYSIS 

In order to verify the proposed models, five prototypes were 
built and tested. Fig. 6 and Table II show a picture of the test 
setup and define its key parameters. A 5.5 kW, 1950 rpm, 
inverter-fed induction machine is used to rotate a large 
aluminum wheel, which is the target surface whose surface 
speed is to be measured. An encoder at the drive machine’s 
shaft provides an accurate reference rotational speed of the 
target surface. An adjustable positioning table is used for 
mounting the PM rotor prototypes (one at a time,) and setting 
the air gap accurately. The prototypes are positioned on the 
same level with the center of the aluminum wheel and are 
horizontally away from the right side surface of the aluminum 
wheel with a certain air gap. The curvature of the aluminum 
wheel may cause some increase of the air gap at the edge of the 
speed sensor. Since the diameter of the aluminum wheel is 450 
mm, which is 10 times larger than the size of the prototypes, 
the target surface can still be assumed as a “flat” surface. Fig. 7 
depicts the five PM rotor prototypes and Table III summarizes 
the key parameters thereof.  

 
Fig. 6.  Test setup. 
 

TABLE II 
KEY PARAMETERS OF THE TEST SETUP 

Parameter Symbol Value 
PM rotor core material  Construction steel 
Radius of target surface wheel r2 225 mm 
Depth of target surface wheel h1 45 mm 
Target surface material Al: EN AW-6082 (Ac-112) 
Target surface conductivity κ2 24…32 MS/m 
Target surface permeability μ2 μ0 

 

 
Fig. 7.  Five prototypes. 

TABLE III 
PROTOTYPE PARAMETERS 

No. Do 
(mm) 

Di 
(mm) 

Width 
(mm) 

Pole 
Pair 

Brem 
(T) 

Magnetization 
direction 

1 18 8 12 3 1.2 Parallel 
2 36 28 10 2 1.0 Radial 
3 36 28 10 3 1.0 Radial 
4 50 30 10 2 1.25 Parallel 
5 50 30 10 3 1.2 Parallel 

 
In the typical speed sensing applications, the total friction 

torque will be limited to only the bearing friction, which is 
expected to be in the range of about 0.1 mNm for practical 
sizes and speeds. However, there may be cases where the 
sensor is loaded with a higher torque, for example by an 
increased friction due to operation in harsh environment, or due 
to the double-purpose use of the speed sensor also as an energy 
harvester [21] powering its own signal electronics.  

For this reason, two modes of operations are studied in this 
section: low-friction mode and high-friction mode. The low-
friction operation mode is studied using prototype No. 1, where 
typical low-friction bearings are used without any additional 
load. A coil is used around the prototype to measure the speed 
of the rotor by measuring the induced voltage, as shown in Fig. 
8 (a). The results show a good agreement between all three 
proposed models and measurements.  

On the other hand, the high-friction operation mode is 
studied using the other four prototypes having much larger 
size, by loading the PM rotor with additional high-friction 
bearings. In order to comprehensively study the robustness of 
the sensor in high-friction conditions, the torque-speed 
characteristics of the proposed speed sensing system is also 
studied. A torque sensor is connected to the rotor as shown in 
Fig. 8 (b). The prototypes are mounted with a shaft that is 
connected to a torque sensor through a pair of high-friction 
bearings and a small coupler. Then the torque sensor is 
connected through a big coupler to a small PMSM whose speed 
can be measured accurately and be adjusted by a three-phase 
variable resistive load. All the additional high-friction bearings 
contribute to the total friction to mimic the high-friction 
operation. The test results show a better performance of the 3D 
model than the 2D FEM and analytical model at high-friction 
conditions. Both steady state and dynamic characteristics are 
tested and analyzed.   

A. Steady State Analysis 

1) Low-friction operation mode 

Prototype No. 1 is tested under a low bearing friction 
condition. The friction of the rotor is measured by accelerating 
the rotor to high speeds, letting it freewheel, and then 
measuring the speed profile. The deceleration and the 
corresponding friction torque can be derived with the 
knowledge of the inertia, which is called a “rundown” test. The 
measurements show a very low value of bearing friction, which 
is about 0.05 to 0.15 mNm. An average of 0.10 mNm can be 
selected considering such low values. This low bearing friction 
case is a typical case of a speed sensor because generally no 
load would be applied to the rotor. Fig. 9 shows the results of 
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the measurement and the proposed models at different air gaps 
of 2, 4, 6 and 8 mm. As the figure displays, the measurement 
shows a good linearity and all the proposed models match the 
measurements very well. The 3D model has the best agreement 
for all the air gaps. The 2D analytical model has almost equally 
good agreement with the 3D model at small air gaps of 2, 4 and 
6 mm, while at 8 mm air gap it shows a little deviation from the 
measured results. The 2D FEM has almost equally good 
agreement with the 3D model at 8 mm air gap, while it shows 
some discrepancies at smaller air gaps. 

 

 
Fig. 8.  (a) Low-friction mode setup. (b) High-friction mode setup. 
 

 
 

Fig. 9.  Comparison of the measurement results and the proposed 
models. 
 

2) High-friction operation mode 

The overall friction of the setup shown in Fig. 8(b) is 
measured with a rundown test, which is shown in Fig. 10. It 
includes the friction of all the high-friction bearings. A linear 
fit of the measurement results in: 

 61.401 10 ( ) 0.004
friction m

T rpm       (3) 

 

 
 

Fig. 10.  Derived friction torque agaist rotor speed. 

From Fig. 10, we can see that the friction torque ranges 
from about 5 mNm to 15 mNm and shows a good linearity 
with the speed. This new friction torque is about 100 times 
larger than typical values. After the friction is measured, the 
proposed model can be verified by comparing the torque speed 

curve predicted by the 3D model against the measurement 
results. A variable resistor is connected as the load to the small 
PMSM that is connected to the PM rotor in order to get 
different torques at different speed values. Fig. 11 and Fig. 12 
show the torque speed curves of prototypes No. 3 and No. 5 at 
different air gaps at different target surface speeds. The data 
shows the model and the measurement match well. There is a 
little discrepancy of prototype No. 5 at 10 mm air gap. This is 
because the curvature of the target surface becomes more 
significant at larger air gaps than at smaller ones. Note that the 
shape of the torque speed curve is very similar to an induction 
machine because both of the rotors are activated by the slip 
speed and the eddy current and torque induced consequently. 

 

 
 

Fig. 11.  Comparison of the measurement and the 3D model of 
prototype No. 3. 
 

 
 

Fig. 12.  Comparison of the measurement and the 3D model of 
prototype No. 5. 
 

Fig. 13 and Fig. 14 show the comparison of the measured 
steady state speed of the No. 2 and No. 5 prototypes against 
the 3D model at different air gaps of 2, 4, 6 and 8 mm. From 
the figure we can see that the 3D model gives a very good 
prediction of the steady state speed at different air gaps. 

 

 
 

Fig. 13.  Comparison of the measured steady state speed and the 3D 
model of prototype No. 2. 
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Fig. 14.  Comparison of the measured steady state speed and the 3D 
model of prototype No. 5. 
 

Fig. 15 shows the comparison of all three proposed models 
against measurements of prototype No. 4 at 4 mm and 8 mm 
air gaps. It can be seen that the 2D models (FEM and 
analytical) do not match as well as the 3D model against 
measurements. The larger the air gap, the greater the 
difference between the 2D models and the measurements is. 

 
 

Fig. 15.  Comparison of different models vs measurement of prototype 
No.4. 

The reason behind this mismatch of the 2D models at high 
friction is interesting to analyze. Due to the assumption of an 
infinite wide rotor in the 2D models, the 3D edge effect is 
neglected. The edge effect results in a leakage or fringing flux 
at the edge of the rotor, which decreases the magnetic 
coupling and the resultant torque. Fig. 16 shows the 
comparison of the torque speed curve of prototype No. 4 
between the 3D model and the 2D analytical model at 8 mm 
air gap. The solid curves are the results from the 2D analytical 
model, while the dash curves are from the 3D model. It can be 
seen that the 3D model has a much lower torque than the 2D 
analytical model. The two green and red straight lines 
represent the high and low friction, respectively. The different 
colors stand for different target surface speeds from 2.1 to 14 
m/s. For example, it can be easily seen that at low friction the 
cross points (steady state speed) of the red line (low friction) 
and two blue lines (solid and dash for v2=14 m/s) almost 
overlap with each other (blue triangular marks). When at high 
friction, the two cross points (blue circular marks) have a 
much larger distance due to the inaccurately larger torque 
predicted by the 2D analytical model. The larger the friction, 
the less accurate the 2D models will be. 

 
 

Fig. 16.  Comparison of the torque speed curve of prototype No. 4 
between the 3D model and the 2D analytical model at 8 mm air gap. 
 

B. Transient Analysis 

The proposed speed sensing system uses the eddy-current 
coupling to transfer the speed information of the target surface 
to another non-contacting physically rotating body whose 
speed can be detected easily. For an accurate transient 
response, the rotor has to have a good dynamic performance, 
for example, the rotor speed has to stick as closely to the target 
speed as possible. This dynamic performance depends on many 
parameters such as size, thickness of the magnets, pole-pair 
number, and air gap.   

Fig. 17, Fig. 18 and Fig. 19 show the transient response 
comparison of prototypes 1, 3 and 5 between the measurement 
results and the proposed 3D model under different air gaps. It 
can been seen that under low-friction conditions (Fig. 17) the 
proposed 3D model has a very good agreement with the 
measurement results. The 2D analytical model has almost the 
same results as the 3D model although it is not shown here. In 
large-friction region (Fig. 18 and Fig. 19), the 3D model has a 
little discrepancy of the steady state speed against the 
measurement, which is already shown in the steady state 
analysis. However, it still gives a good estimation of the 
dynamic performance of the prototypes.  

 

 
 

Fig. 17.  Comparison of the transient response of prototype No. 1 
between measurement and the 3D model. 
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Fig. 18.  Comparison of the transient response of prototype No. 3 
between measurement and the 3D model. 

 
 

Fig. 19.  Comparison of the transient response of prototype No. 5 
between measurement and the 3D model. 
 

By comparing these three figures it can easily be seen that 
prototype No. 1 has a much better dynamic performance than 
prototype No. 3, while the prototype No. 5 is somewhere 
between them. For example, at 2 mm air gap (red) the 
prototype No. 1 follows the speed of the aluminum wheel 
(target surface) very fast and accurately. When the target 
surface speed goes into steady state (at 1.5s), the rotor also gets 
into steady state almost simultaneously. However, at the same 
air gap prototype No. 3 goes into steady state about one second 
(or more) after the steady state of the aluminum wheel. The 
reason is the larger friction and the larger inertia for prototype 
No. 3. However, even under the same high friction, prototype 
No. 5 has a faster response than prototype No. 3 due to the 
larger size even though larger size means larger inertia. The 
drawback is that it costs more for larger volume of the PMs. 
For the same prototype, the smaller the air gap, the better 
dynamic performance the system has due to the better magnetic 
coupling and the larger resultant torque. 

From the aforementioned observation, it can be seen that 
there is an engineering trade-off between the PM volume (cost) 
and dynamic performance (response speed) of the proposed 
speed sensing system. In the next section a Pareto optimization 
will be conducted based on the proposed model. 

V. OPTIMIZATION 

In order to evaluate the dynamic performance of the speed 
sensor, a rising time tr is defined as the response time of the 
PM rotor from standstill to 90% of the steady state speed under 
a step excitation of 10 m/s of the target surface. The smaller the 
tr, the faster the PM rotor will respond to the change of the 
target surface speed, which is very important for a good speed 
sensor. The simulation time is set to be at maximum 10 
seconds, which means if the rising time is longer than 10 
seconds, it will be clamped to 10 seconds. 

 
TABLE IV 

PARAMETERS SIMULATED FOR OPTIMIZATION 

v2 (m/s) g (mm) P 
ro (mm) 
Small to large 

d (mm) 
Light to dark 

10 10 
1(●),2(♦), 
3(▲),4(■) 

10, 15, 20, 25, 30 1, 2, 3, 4, 5 

 
Fig. 20 shows the Volmag-tr Pareto optimization [34, 35] of 

the PM rotor at the typical low bearing friction at a 10 mm air 
gap. The x axis is the rising time tr and the y axis is the 
volume of the magnets in mm3. The closer the optimal design 
to the origin is, the better. Table IV shows the parameters 
simulated in the optimization. Three key parameters, namely 
the PM outer radius (ro), the PM thickness (d = ro - ri) and the 
pole pair number (P) are chosen to be the degree of freedom. 
ro varies from 10 mm to 30 mm with a step of 5 mm, which is 
denoted by the different size of the marks from small to large 
in the figure. d varies from 1 to 5 mm with a step of 1 mm, 
which is represented by the darkness of the marks. The darker 
the mark, the thicker the PM is. Different shapes with different 
colors stand for different pole pair numbers as follows: of 1 
(red circles ●), 2 (green diamonds ♦), 3 (blue triangles ▲) and 
4 (yellow squares ■). More pole pair numbers are not 
considered because of the assembly difficulty. Fig. 20 (1) to 
(4) are the cases of 1, 2, 3 and 4 pole pairs, respectively. Fig. 
20 (5) to (7) are the comparisons between two different pole 
pair numbers of 1&2, 2&3 and 3&4, respectively. Fig. 20 (8) 
is the overall optimization of all the simulated cases with iron 
shaft rotors. Fig. 20 (9) is the rotors with aluminum shaft. 
From the figure the following can be observed: 

 1. From Fig. 20 (1) to (4), there is an obvious Pareto front 
for all the cases. For 1, 2, and 3 pole-pair rotors the trend is that 
under the same thickness, smaller rotors have better dynamic 
performance and lower magnet volume. However, for 4 pole-
pair rotors it is not necessarily the case. For 1 mm thick PMs, 
the rotors have to be over a certain out diameter in order to 
have a quick response. 

 2. From Fig. 20 (5) to (7), we can observe that for the same 
thickness and size, 2 pole-pair rotors generally have better 
dynamic performance than the other pole pair numbers, 
because the green diamonds ♦ are generally shifted to the left 
side of the red circles ● (Fig. 20 (5)) and the blue triangles ▲ 

(Fig. 20 (6)), which are on the left side of the yellow squares ■ 
(Fig. 20 (7)). However, for some cases of extreme sizes 
(smallest rotors in Fig. 20 (5) and largest rotors in Fig. 20 (6),) 
the opposite is observed.   
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3. The thickness of the magnets has a much greater impact on 
the larger rotors than smaller ones in terms of dynamic 
performance. For instance, for 30 mm outer radius samples 
(largest marks), if we increase the thickness of the PMs from 1 
mm to 2 mm, the rising time drops significantly for each pole 
pair number, but for smaller rotors this improvement is not that 
significant. 

4. From Fig. 20 (8), it can be observed that for the special 
case of 10 mm air gap, a thickness of 3 mm is enough for 
almost all combinations, which have a rising time less than 3 
seconds. This implies that an investment in the PM thickness 
for over 3 mm is not worth its value in this case. 

In conclusion, three candidates are considered to be the 
optimal designs. They all have 1 pole pair with an outer 
diameter of 10 mm. The one with the best dynamic performance 
would be of 5 mm thickness. It has a tr of 0.06s, but the Volmag is 
2.36 mm3. The one with the best economic benefit has 1 mm 
thickness. It only has a Volmag of 0.60 mm3. However, the rising 
time would be longer, which is 0.99 s. A more balanced 
candidate is the 2 mm thick one, which has a tr of 0.28s and a 
Volmag of 1.13 mm3. All their 2 pole-pair counterparts have a 
similar performance with a little increase in the rising time 

(shown in parentheses). So, it can be concluded that, for this 
special case of 10 mm air gap under low bearing friction, 
smaller rotors with lower pole pair numbers generally perform 
better in both dynamics and costs, among which the thicker the 
PMs are, the faster the response speed is, which also costs more. 
Table V gives a conclusion of the best candidates. 

 
TABLE V 

BEST CANDIDATE PARAMETERS 
Parameter Symbol Fastest Cheapest Balanced 
Rising time (s) tr 0.06 (0.11) 0.99 (1.14) 0.28 (0.36) 
PM volume (mm3) Volmag 2.36 0.60 1.13 
Pole pair No. P 1 (2) 1 (2) 1 (2) 
PM outer radius (mm) ro 10 10 10 
PM thickness (mm) d 5 1 2 

 
The poor dynamic performance of rotors with thin and 

large-radius magnets is due to the fact that the useless part of the 
inertia (iron shaft) is too large. For example the inertia of the 
magnets of the 30 mm radius, 1 mm thickness rotor is 1.3e-5 
kg·m2, while the inertia of the iron shaft is 8.7e-5 kg·m2, which 
is about 6.7 times greater. So rotors with shafts made from much 
lighter material than iron (for example, aluminum shafts) should 
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Fig. 20.  Pareto optimization of different rotors. Different sizes of the marks represent different ro from 10 mm to 30 mm with a step of 5 mm. 
Different darknesses represent different thichness of the PMs. The darder the mark is, the thicker the PMs are. Different shapes with different 
colors stand for different pole pair number of 1 (red circles ●), 2 (green diamonds ♦) 3 (blue triangles ▲) and 4 (yellow squares ■). 
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have a better dynamic performance. Although the magnetic field 
will be attenuated due to the use of non-magnetic shaft, because 
of the Halbach pattern of the rotor magnets, the outside 
magnetic field will not decrease much. The magnetic field 
generated by the PM rotor with an aluminum shaft can be 
modified in the model according to [29]: 

Fig. 20 (9) shows the Pareto optimization of the speed 
sensors with aluminum shafts. As can be seen, all the samples 
have reduced their rising time, compared to their iron shaft 
counterparts, especially for those rotors with large and thin 
PMs. The majority of the samples have a rising time less than 4 
seconds. The basic observations and the optimal designs are the 
same as in the iron-shaft case. 

VI. CONCLUSION 

In this paper, a contactless eddy-current-based rotational 
speed sensor is proposed for measuring the speed of a smooth 
conductive surface where modification/touching of the target is 
undesired, for example, in the application of measuring the 
speed of freight wagon wheels. Three different models of 2D 
FEM, 2D analytical and 3D model are proposed to analyze the 
system. When under low-friction/no load conditions, all three 
of the models have a good agreement with the measurement 
results. When under large-friction/load conditions, the 3D 
model still shows a good agreement with the measurement 
results, which is better than the 2D models because of the 3D 
edge effect. Torque speed curve comparisons are given for the 
validation of the proposed models. Finally, based on the 
proposed models, a PM volume/response speed Pareto 
optimization is conducted for the proposed speed sensing 
system. The results show that smaller rotors with lower pole 
pair numbers generally have a better dynamic performance as 
well as lower costs. Future study will be focused on the 
analysis and implementation of a self-powering speed sensing 
system using the energy harvesting features described in [25]. 

VII. APPENDIX 

The 2D magnetic flux density (B) field of the rotating PM 
rotor is simplified as an idealized Halbach rotor as in [36] using 
the following equations [29]: 
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where Br and Bθ are the flux density component in the radial 
and circumferential directions, respectively; P is the pole pair 
number of the  PM rotor; ωm and ωe are the mechanical and 
electrical frequency, respectively; Cxia is a defined coefficient 
and can be calculated by (6) for iron shaft and by (7) for 
aluminum shaft: 
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where Brem is the remanence flux density of the PM; μr is its 
relative permeability; ro and ri are the outer and inner radii of 
the PM rotor. 

These two formulas can be transformed to Cartesian 
coordinates as follows: 
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For the 3D model, the general solution in the conductive 

region can be derived as follows: 
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where μ and σ are the permeability and conductivity of the 
conductive region, respectively. 

In the nonconductive regions, the field is: 
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where the subscript c and n represent conductive and 

nonconductive region, respectively;  (ξ, y, ζ) is the Fourier 

transform of the magnetic field B(x,y,z) and is defined as 
follows: 
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The decay factors β and α and all amplitude coefficients C 
and D are functions of the spatial Fourier frequencies ξ, ζ and 
can be expressed as follows: 
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At the region interface planes, the usual boundary conditions 

apply, i. e. continuity of normal By and tangential Hx, Hz. 
Special attention is required for the top air region, as it contains 
a superposition of the incident field Bs (given by the 
magnetostatic FEM solution) and a reflected field Br, i. e. the 
change in field caused by the presence of the moving 
conductive plate: 
 top s rB B B 

  (13) 
The eddy currents in the target surface can be calculated by 

Ampere’s law as follows: 
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where J is the current density and the coefficients are derived 
as follows: 
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With all the field known, the average torque can be 

calculated as follows: 
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