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Abstract—This paper presents the novel structure of an eddy
current sensor for linear speed measurements. The sensor has one
excitation coil and two pairs of antiserially connected pick-up coils,
which are located inside and outside the excitation coil. The design
and modeling of the sensor are considered with an air core and
with a magnetic yoke (core) to compare their performances in
terms of sensitivity and nonlinearity error. The experiments and
the analysis are performed at different excitation frequencies and
speeds. A novel 3D analytical method is developed and utilized for
parametric analysis and for the design of this sensor. The
simulation results are compared with measurements up to 16.7 m/s
(60 km/h). The achieved nonlinearity error is as low as 0.3%.

Index Terms—Analytical, component, conductive,
current, speed sensor, measurements.
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NOMENCLATURE

Ne  |[Number of turns in the excitation coil

Np, 1,2 [Number of turns in each pick-up coil

d Moving part thickness

Om  |Gap between coils and moving part

Oy  |Gap between coils and magnetic yoke

ty Magnetic yoke thickness

te [Thickness of excitation coil

tp, 1,2 [Thickness of each pick-up coil

he Height of excitation coil

hp, 1,2 [Height of each pick-up coil

Wer  |Inner longitudinal width of the excitation coil
We:  [Inner transversal width of the excitation coil

W1 |Inner longitudinal width of pick-up coils, 1
W1 |Inner transversal width of pick-up coils, 1
W2  |Inner longitudinal width of pick-up coils, 2
W2  |Inner transversal width of pick-up coils, 2

rss  |Distance between centers of sensor and disk

oy Electrical conductivity of the magnetic yoke

om  [Electrical conductivity of the moving part

wry [Relative magnetic permeability of the magnetic yoke
wrm  [Relative magnetic permeability of the moving part

f Frequency

\Y [The speed of the moving part

l The length of the analytical model in the x-direction
L 'The width of the analytical model in the z-direction
m

I

, N |Space harmonic orders — odd numbers
Applied current - rms value

A« X - component of the magnetic vector potential
A; [z - component of the magnetic vector potential
Hx X - component of the magnetic field strength

Jx X - component of the current density

J; z - component of the current density

U, [The induced voltage in the pick up coils
.4 [The difference of the mutual flux linkage

|. INTRODUCTION

peed measurements are a vital issue for various

applications, for example, railways and transportation.

Rotational speed sensors with variable reluctance and
optical configurations are traditional approaches for indirect
speed measurements in railways, but these methods are
sensitive to slip [1]-[2]. Accurate true linear speed
measurements and estimates are critical for high-efficiency
operation and minimum losses in transportation systems [3]-
[4]. Linear speed sensors with tachometers, Hall-effect based
sensors, microwave Doppler radar [5], accelerometers, GPS [6]
and correlation methods using two sensors [7]-[9] are
alternative devices for direct and indirect speed measurements
in railway applications. Doppler radar is subject to angular error
[5], while GPS is not available in tunnels. A linear resolver
using a permanent magnet was used for precise positioning and
speed measurements in [10]. However, it has bulky windings
with less fault-tolerant characteristics. Utilizing eddy currents
is a known method for measuring speed and position [8]-
[9], [11]. A velocity estimation method using eddy currents
within magnetostrictive position sensors was presented in [12],
but this approach is not feasible for railway and high-speed
applications.

The sensorless method could be also utilized for speed
estimation [13], which is not reliable at fault conditions in the
electrical propulsion systems.

Conventional methodologies for measuring linear speeds
can be less effective for advanced types of transportation
systems, because of the complicated infrastructure that is
required [14]-[16]. A new method for making speed
measurements using moving permanent cylinder magnets was
presented in [17]. In order to improve fault tolerance, however,
it is preferable to avoid having a moving component in the
speed sensor.

The motional component of eddy currents in conductive
metallic parts is induced when the moving part has the relative
speed to the source fields [18] - [21]. Utilizing the motion-
induced eddy current in the conductive part is an appropriate
technique for measuring linear speed, especially at high speeds
[22]. The voltages induced in pick-up coils moving with respect
to the conducting target were used as speed meters.
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The authors developed and measured parallel-type and
perpendicular-type linear eddy current speed sensors [1], [23]-
[26] for transportation. The eddy current speed sensors
presented in [23]-[25] have only one pair of antiserially pick up
coils. Only one pick up coil was used in presented sensor in
[26], which is located perpendicularly to the excitation coil of
the sensor. The speed sensor presented in [23] was evaluated
at the speed range below 2 m/s and it was considered without
magnetic yoke and shield. The sensitivity of the sensor was
increased in [24] using magnetic yoke and shield and it was
operated at the speed range up to 12 m/s. The sensitivity of the
eddy current speed sensor was further improved using ferrite
core and higher number of turns in the coils in [25]. All
presented eddy current speed sensors were only operated and
analyzed up to maximum speed of 54 km/h in [23]-[26]. Using
just one pick up coil or one pair of pick up coils makes the speed
sensor to be less fault tolerant.

A novel parallel-type eddy current sensor with a magnetic
yoke is presented in this paper, with two pairs of pick-up coils
for measurements of the voltage caused by motion-induced
eddy currents in the moving conductive parts. The proposed
eddy current sensor has higher sensitivities in both pairs of
pick-up coils in comparison with the sensor in [1]. For example,
the novel structure of the proposed sensor causes its sensitivity
corresponding to the second pair of pick-up coils to increase
over 20 times in comparison with the sensor presented in [1]. A
novel 3D analytical method has been developed and used for
simulations, analysis and the design of an eddy current speed
sensor. Using the developed analytical method helps for exact
modeling, performing of parametric analyses and fast design
optimization of the eddy current speed sensor. The sensor
performance was measured and analyzed with and without
magnetic yoke. Iron and aluminum plates are considered as the
moving parts. The performance evaluating of the eddy current
speed sensor at higher speeds up to 1225 km/h is also evaluated
and presented.

Il. STRUCTURE AND PERFORMANCE THEORY OF THE SENSOR

A 3D model of a linear eddy current speed sensor with a
moving part is shown in Fig. 1. It shows one excitation coil and
two pairs or sets of pick-up coils parallel to the conductive
moving part. The pick-up coils in each pair are connected
antiserially for the voltage measurement caused by the speed of
the conductive moving part, which is used as a speed meter.
Speed measurements are performed utilizing the voltage of the
pick-up coils, see Fig. 1. The induced differential voltage is zero
in antiserially connected pick-up coils at zero speed, as the
magnetic flux is symmetric and the flux linkages are equal in
the two pick-up coils. The induced differential voltage is not
zero at nonzero speed because the flux linkages are unequal,
due to the asymmetric magnetic flux caused by the motional
component of the induced eddy current in the moving part.

First pair of pick up coils

Second pair of pick up coils

L

‘\

Moving part

i .
Excitation coil

Fig. 1. A 3D model of the eddy current speed sensor and the moving part
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Fig. 2. A 2D model of the eddy current speed sensor and the moving part in a
y-x model
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Fig. 3. A 2D model of the eddy current speed sensor in a z-x model

I11. 3D ANALYTICAL METHOD FOR THE SENSOR ANALYSIS

A 3D model is considered for analytical modeling. 2D views
of the model in the y-x and z-x planes are shown in Fig. 2 and
Fig. 3. The magnetic yoke is 100 mm in longitudinal length and
60 mm in transversal width, as shown in Fig. 1. However, they
are artificially considered with a larger value to simplify the
boundary conditions in analytical modeling. The dimensions
and parameters of the sensor are presented in Table I. The
proposed analytical method is used for the parametric and
sensor performance analyses. The evaluation of the sensor at
higher speeds, V > 600 km/h is also considered in this paper
using analytical method. The analytical method could be used
for design optimization of the eddy current speed sensor too,
which is out of the scope of this paper.

TABLE |
PARAMETERS AND DIMENSIONS OF THE EDDY CURRENT SPEED SENSOR

Parameter Value Parameter Value
Ne 200 hp. 1,2 5mm
Np, 1,2 100 Wel 32mm
d 5mm Wet 32 mm
Om 6,8mm | wpi1 10.5 mm
gy 1mm Wot,1 35 mm
ty 0.5mm | wyp 10.5mm
te 34mm | Wy 255 mm
th 12 1.7 mm Wq1 55 mm
he 5mm Wq,2 15 mm

A. Analytical Modeling of The Sensor
Only the reaction fields of the induced eddy current in the
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conductive part contribute to the induced voltage of antiserially
connected pick-up coils [23]. The excitation coil is therefore
excluded in the modeling, and the excitation fields are
considered by the boundary conditions.

The x and z components of the magnetic vector potential, Ax
and A, are considered in the analytical modeling, as the current
direction in the excitation coil is in parallel with the conductive
moving part or the z-x plane, and the y component of the
magnetic vector potential, Ay, is neglected.

A Coulomb gauge is used for gauging to obtain a unique
solution [27], and it does not include the electrical scalar
potential in the formulation.

V-A=0 04, + 04, 0 1
. = - =
0x 0z @

Equation (2) presents partial differential equations for 5
regions, as shown in Fig. 2, versus A; as the z-component of the
magnetic vector potential. Similar differential equations are
also valid for the x-component of the magnetic vector potential,
Ay, using (1). Regions 1, 2, 3, 4, and 5 correspond to the parts
below the moving part, the moving part, the air gap between the
coils and the moving part, the coils, the air gap between the
magnetic yoke and the coils, the magnetic yoke and air region
above the magnetic yoke, respectively. The conductive moving
parts are made of solid aluminum and solid iron.

aZAZ‘l azAzyl + aZAzll _ 0
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azAz,Z aZAZZ 621422 . aAZZ
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9%24,, 0%4,, 0%4,,
ax;A 6);'4 OZ;A = ](‘)O-y:uoﬂr,yAzA y W = an
0%A 024 024
z,5 z,5 z,5 =0 (2)
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The separation of variables method is used to solve the partial
differential equations in (2). The assumptions are that the
magnetic fields are a sinusoidal function versus time, e/t , and
the periodical sinus series functions in x and z directions with
2l and 2L periods, as presented in (3). Parameters | and L
correspond to the boundaries, where zero magnetic fields can
be applied. Equation (1) was rewritten for each harmonic order
in (4).
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The solutions of (2) are obtained using separation of
variables (Fourier method) [27], as follows:
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In order to obtain constants Ci’s and C,’s in (5), the boundary
conditions in (6) between regions are applied [23] and [27],
using the magnetic vector potential, A;, and the x-component of
the magnetic field strength, Hy, in 5 regions (Fig. 2).

Az =0 __

Hx,l = Hx'2|y:—d

Az,l = Az,2|y:_d

Hx,2 = Hx,3 + Hx,blyzo
Az,z = AZ,3 + Az.bly:()
Hx,3 + Hx,u = x,4|y:gm+he+gy

Az,3 + Az,u = Az,4|
Hx,4- = Hx,5|

Aza = Ays |y=gm+he+gy+ty
As=0|_, 6)

Y=9gm+he+gy

Y=gmthetgy+ty

where, Azp , Azu , Hxp and Hy, are the magnetic vector potential
and the magnetic field strengths, which correspond to the
excitation coils [23] for applied current rms value, I, as follows:
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The induced voltages U, are calculated in (9) for the first and
second pairs of antiserially connected pick-up coils. ¥, is the
difference of the mutual flux linkage between the excitation coil
and each pick-up coil in each pair, which is averaged over the
cross-sectional area of the pick-up coils. Line integration of the
magnetic vector potentials, A4, , 5 , is applied to the pick-up coils
regions in the artificial current flow direction (the x-z plane), as
in the case of the excitation coil. U, 1 and Uy are the differential
induced voltages in the first and second pairs of pick-up coils,
which are presented in (10) using the parameters in (11), (12)
and (13).
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Parameters | and L in (3) for Fourier method analysis are
considered large enough until the magnetic fields vanish. They
are calculated about 1420 mm and 100 mm in this paper,
according to the dimensions of the rotating disk used for
experimental testing. The longitudinal length of 200 mm and
transversal width of 60 mm for region 4 (yoke) are shorter than
corresponding values in region 2. However, the dimensions of
the region 4 are considered identical to region 4 in order to solve
analytically the computational model with less complexity and
minimum deficiency of accuracy. For example, similar
approximations are used for analytical modeling of linear
induction machines with consideration of primary dimensions
identical as secondary, which show outstanding accuracy for
the performance analysis of linear induction machines [28]-
[29].

MATLAB program is used to implement analytical method
for performance analysis and parametric calculations of the
eddy current speed sensor. Fig. 4 shows a 2D view of the coils
and the magnetic flux distribution with iron and aluminum
moving parts with the magnetic gap between the coils and the
moving part, gm = 6 mm at +16.7 m/s and 800 Hz. The magnetic
flux distributions are drawn using contour plot of equi-value for
A; in (5) at z = 0 (mid-plane of the sensor, y-x) in MATLAB
where Ay = 0 due to the symmetry. The conductivities of iron
and aluminum are o= 6 MS/m and 33.5 MS/m, respectively.
The relative permeability of the iron moving part is estimated
as urm=100 for the initial calculations [24]. The magnetic yoke
is a silicon steel lamination with relative permeability xy=1000
and conductivity oy = 3.14 MS/m. The influence of finite
lengths for magnetic yoke can be neglected as magnetic flux is
more concentrated in the vicinity of the excitation coils as
shown in Fig. 4, which has shorter length than yoke. The eddy
current distributions on the surface of the iron and aluminum
moving parts at +16.7 m/s and 800 Hz are depicted in Fig. 5.
They are drawn using contour plot of equi-value for streamline
function, Fy obtained from current density, Jaty = 0 (z-x plane).

V-]=0->]=VxF, F=(0F,0)
Fy—_f]xyz dZ
E, sz'z dx

]z,2 = _O-mj(w -V P) ) AZ,Z

Jx2 = —0pj(w =V p)- Ay (14)
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Fig. 4. The magnetic flux distribution in the eddy current speed sensor with a
magnetic yoke in the y-x plane (z=0) at +16.7 m/s and 800 Hz, a) iron moving
part, b) aluminum moving part
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Fig. 5. The eddy current distribution on the surface of the moving part with a
magnetic yoke in the z-x plane (y=0) at +16.7 m/s and 800 Hz, a) iron moving
part, b) aluminum moving part
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Fig. 6. The real (Re) and imaginary (Im) components of the induced voltage per
applied current versus frequency with and without magnetic yokes for an iron
moving part at +16.7 m/s and g»= 6 mm — a) first pair and b) second pair of
pick-up coils
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Fig. 7. The real (Re) and imaginary (Im) components of induced voltage per
applied current versus frequency with and without magnetic yokes for an
aluminum moving part at +16.7 m/s and gn= 6 mm — a) first pair and b) second
pair of pick-up coils

B. Parametric Analysis of The Sensor

Fig. 6 and Fig. 7 show the real (U;) and imaginary (Ui)
components of voltages to current ratios versus frequency up to
10 kHz for the first and second pairs of pick-up coils at +16.7
m/s. The real and imaginary components of the voltages are
calculated with the excitation coil current considered as a
reference signal. Using a magnetic yoke significantly increases
the sensitivity of the sensor.
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Fig. 8. The real (Re) and imaginary (Im) components of the induced voltage per
applied current versus speed with and without magnetic yokes for an iron
moving part at 2000 Hz and g,= 6 mm — a) first pair and b) second pair of pick-
up coils
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Fig. 9. The real (Re) and imaginary (Im) components of the induced voltage per
applied current versus speed with and without magnetic yokes for an aluminum
moving part at 2000 Hz — g»,= 6 mm — a) first pair and b) second pair of pick-
up coils

The real and imaginary components of the induced voltages
decrease monotonically with increasing frequency for an
aluminum moving part. This is caused by the decreasing magnetic
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flux penetration in nonmagnetic aluminum. However, the curves
of the real and imaginary components of the induced voltages
versus frequency show different trends for a magnetic iron moving
part, because of the higher relative magnetic permeability.

The real and imaginary components of the induced voltage
curves versus speed show high linearity in Fig. 8 and Fig. 9 up
to £16.7 m/s. This depicts the suitability of the eddy current
sensor for use as a speed and velocity meter. The polarity of the
voltage changes with the speed direction.

The first pair of pick-up coils has higher induced voltage and
sensitivity versus speed. However, the second pair of pick-up
coils also shows comparable sensitivity. Using two pairs of
pick-up coils helps to increase the fault-tolerant capability of
the sensor and the Ilift-off compensation or temperature
compensation of the conductive moving part. The temperature
of the conductive moving part changes the material properties
in terms of relative magnetic permeability and electrical
conductivity, which affect the performance of the eddy current
sensor [23]. The relative permeability of the iron moving part
has a high impact on the performance of the sensor. Decreasing
the relative magnetic permeability increases the sensitivity of
the sensor, because the magnetic penetration depth in the
moving part is greater for lower relative permeability [24].

Fig. 11. The coils and magnetic yoke in eddy current speed sensor

V. SENSOR MEASUREMENTS

Fig. 10 and Fig. show the experiment elements, rotating disk
and the eddy current linear speed sensor. The moving part is a
rotating disk with a 55.5 cm external diameter. The center of
the speed sensor is located at a distance of rgs=22.75 cm from
the center of the disk. As shown in Fig. 1, the dimensions of the
speed sensor are sufficiently smaller than the rotating disk to
model accurately the relative linear motion between the sensor
and the moving part in the measurements. Each pair of
antiserially connected pick up coils are connected to lock-in
amplifier, Stanford Research System, model SR830 DSP,
which is used for measurements of the real and imaginary
components of the induced voltages of the pick-up coils. The
excitation coil with resistance 20.78 Q in series with external
resistance 9.02 Q are connected to a signal generator with
internal resistance 50 Q and voltage amplitude 10 V. The
voltage across the external resistance is used to measure the
current in the excitation coil. The rms value of the measured
current at different gaps, gm and various excitation frequencies
are presented in Table Il and Table 111 with and without yokes.
The real and imaginary components of the induced voltages are
measured relative to the excitation coil current as a reference
signal.

TABLE II
MEASURED CURRENT WITH AND WITHOUT MAGNETIC YOKE
Om= 6 mm 800 Hz 2000 Hz 10000 Hz
Iron no-yoke [86.6 mA [79.2mA [36.7 mA
oke 83.8mA [70.9mA [28.2mA
Aluminum |no-yoke [87.5mA [83.0mA K44.1mA
oke 86.3mA [79.3mA [36.5mA
TABLE llI
MEASURED CURRENT WITH AND WITHOUT MAGNETIC YOKE
Om=8 mm 800 Hz 2000 Hz 10000 Hz
Iron no-yoke 87.0mA 80.1 mA [37.3mA
oke 84.4mA [12.0mA [28.6 mA
Aluminum no-yoke [87.6 mA [82.9mA 1425 mA
oke 86.3mA [78.6 mA [34.5mA

A. Experimental Results of The Sensor

The experimental results concerning differential voltages for
the first and second pairs of pick-up coils with iron and
aluminum moving parts and with a magnetic yoke are shown in
Fig. 12 and Fig. 13 at excitation frequencies of 800 Hz and
2 kHz. As shown in Fig. 12, the linearity of the voltage versus
speed curve is smaller at 800 Hz for an aluminum moving part
above 10 m/s.
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Fig. 12. The real (Re) and imaginary (Im) components of the induced voltage

per applied current versus speed with a magnetic yoke for an iron moving part

for gm= 6 mm — a) first pair and b) second pair of pick-up coils
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As shown in Fig. 14 and Fig. 15, the nonlinearity error can be
brought down as low as 0.3%, for the first and second pairs of
pick-up coils. The measured sensitivity, K,, corresponding to
the real component of the voltage, U,=K;-V-1, and the measured
sensitivity, Kj, corresponding to the imaginary component of
the voltage, Ui=K;-V-I per applied current, I, are presented in
Table IV — Table VII at 2kHz and 10 kHz for iron and
aluminum moving parts with gaps of 6 mm and 8 mm. For an
iron moving part, the ratio of the real component sensitivity, K,
to the imaginary component sensitivity, K;, is 2 to 20 times
higher with a magnetic yoke than without a magnetic yoke.
There are different trends for an aluminum moving part, with a
smaller difference when there is a magnetic yoke. The polarity
of the imaginary component of the voltage and its sensitivity
become negative for an aluminum moving part. Increasing the
gap, gm, from 6 mm to 8 mm (+33%) reduces by about 20% to
30% the real component of the induced voltage for an iron
moving part. This decrease is smaller for an aluminum moving
part, especially at higher frequencies.

A compact synchronous detector could be used to measure the
real and imaginary components of the voltage in the eddy
current speed sensor. The measured voltages are converted to
the speed values and speed polarities using sensitivities values
in Table IV — Table VII with consideration of excitation coil
current. The outstanding linearity of the dependence of real and
imaginary components of sensor output voltage versus speed as
shown in Fig. 12 and Fig. 13 results in the same linearity
characteristics for the dependence of absolute value of the

voltage, U, (=./U3+Ui2) versus speed. Therefore, a

voltmeter can be used to read rms value of the sensor voltage to
measure the speed value when absolute value of the voltage is
only readable. A phase sensitive detector can be utilized to
sense the polarity of speed as for LVDT sensors.

TABLE IV
SENSITIVITY OF AN EDDY CURRENT SENSOR FOR AN IRON MOVING PART —
FIRST PAIR OF PICK-UP COILS

Sensitivity with yoke without yoke
mV/(A-m/s) Real Imaginary Real Imaginary
gm=6 mm 3.252 0.8109 1.178 0.5266
f=2000 Hz
gm=6 mm 3.204 -0.3886 1.607 0.228
f=10000 Hz
gm=8mm 2.448 0.6197 0.9331 0.4085
f =2000 Hz
gm=8 mm 2.461 -0.22 1.255 0.1924
f=10000 Hz

TABLE V

SENSITIVITY OF AN EDDY CURRENT SENSOR FOR AN IRON MOVING PART —
SECOND PAIR OF PICK-UP COILS

Sensitivity with yoke without yoke
mV/(A-m/s) Real Imaginary Real Imaginary
gm=6 mm 1.789 0.7143 0.7161 0.3801

f =2000 Hz

gm=6 mm 2.277 0.1065 1.081 0.235
f=10000 Hz

gm=8mm 1.279 0.5055 0.539 0.2871

f =2000 Hz
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Om=8mm 1.638 0.1022 0.8277 0.2091
f=10000 Hz

TABLE VI

SENSITIVITY OF AN EDDY CURRENT SENSOR FOR AN ALUMINUM MOVING
PART — FIRST PAIR OF PICK-UP COILS

Sensitivity with yoke without yoke
mV/(A-m/s) Real Imaginary Real Imaginary
Om=6 mm 0.5482 -0.4829 0.2958 -0.244
f=2000 Hz
Ogm=6 mm 0.199 -0.2198 0.1214 -0.1145
f=10000 Hz
gm=8mm 0.4822 -0.3912 0.2651 -0.1841
f=2000 Hz
gm=8 mm 0.1605 -0.2156 0.1151 -0.1058
f=10000 Hz

TABLE VII

SENSITIVITY OF AN EDDY CURRENT SENSOR FOR AN ALUMINUM MOVING
PART — SECOND PAIR OF PICK-UP COILS

Sensitivity with yoke without yoke
mV/(A-m/s) Real Imaginary Real Imaginary
Om=6mm 0.5329 -0.4282 0.2703 -0.2097
f=2000 Hz

gm=6 mm 0.1943 -0.22 0.1075 -0.1036
f=10000 Hz

Om=8mm 0.4339 -0.3099 0.2266 - 0.1466
f=2000 Hz

Om=8mm 0.1664 -0.1849 0.1025 - 0.09522
f=10000 Hz

B. Comparison between The Analytical Results and The
Experimental Results of The Sensor

Fig. 16 and Fig. 17 compare the experimental and analytical
results for the absolute component of the voltage. The analytical
results coincide well with the experimental results. This shows
the appropriateness of the 3D analytical method for further
design and optimization of an eddy current speed sensor and
higher-speed operation. The 3D analytical method could
therefore also be used for evaluating the sensor in higher speed
ranges and at higher frequencies.
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Fig. 16. The comparison between the experimental (Exp.) and analytical (Ana.)
results for the absolute value (Abs) of the induced voltage per applied current
versus speed, with and without a magnetic yoke, for an iron moving part for
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V. OPERATION OF THE SENSOR AT HIGHER SPEEDS

The low-speed range can be considered below 15 m/s
(54 km/h) to 20 m/s (72 km/h) and upper speeds can be
considered in high-speed range for linear induction devices,
such as linear induction machines [30]. Fig. 18 and Fig. 19 show
the voltage results calculated using analytical method of an
eddy current speed sensor without a magnetic yoke up to 1225
km/h (340 m/s), which can be considered as the theoretical
maximum speed of Hyperloop [14]-[15]. The possible
maximum excitation frequency is selected to achieve an
optimum compromise between the highest sensitivity and the
lowest nonlinearity error. The optimum excitation frequencies

© 2023 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse

of any copyrighted component of this work in other works.



Final version of this paper was published at

IEEE Transactions on Industry Applications. 2022, 2022 7847-7856 DOI: 10.1109/T1A.2022.3198625

for the iron moving part are 10 kHz and 20 kHz for a maximum
speed of 612.5 km/h and 1225 km/h, respectively. The optimum
excitation frequencies for an aluminum moving part are 20 kHz
and 40 kHz, respectively. The sensitivity of the eddy current
speed sensor decreases more for an aluminum moving part at
higher frequencies, than for an iron moving part, which does
not change considerably. Operating the eddy current speed
sensor at high frequencies to achieve high linearity is
technically preferable without a magnetic yoke, despite its
lower sensitivity. The reason is that the self-inductance of the
excitation coil and its corresponding reactance voltage drop are
lower, and a smaller voltage source is therefore required for the
excitation coil to achieve the same current.

V1. DISCUSSIONS

The implementation of the second pair of pick-up coils in the
eddy current speed sensor with the same sensitivity as the first
pair of pick-up coils increases the reliability of the sensor. It
makes the sensor more fault tolerant, and it can also be used for
liftoff and temperature compensation. A novel method for
implementing the second coil pair inside the excitation coil
helps to make optimal use of the sensor space and to enhance
the performance of the sensor.

At present, complicated structures can be easily modeled in
3D FEM. However, 3D time stepping FEM with consideration
of motion and skin effect is very time consuming due to the
large numbers of required mesh nodes. Therefore, it is not a
time efficient method for parametric analysis and design
optimization. Modeling of movement in 3D FEM causes
numerical errors due to the mesh movement, which affects the
accuracy of calculated voltage in eddy current speed sensor
[23]-[25]. The proposed novel 3D analytical method shows
excellent accuracy and time efficient simulations despite its
simple approach for the modeling of eddy current speed sensor.
The transformer component of eddy current caused by AC
fields and motional component of eddy current caused by
relative motion of excitation coil and moving object were
modeled in the 3D analytical model. And exact dimensions of
the rectangular coils are considered and the induced voltages in
the pick up coils are exactly calculated.

Tachometers, optical and Hall effect speed sensors are
commercially available for railway applications. They
indirectly measure linear speed, and they are usually installed
or coupled in the vicinity of traction motors, gearboxes and
wheels axis for railway applications. For example, Hall effect
speed sensors utilize magnetic ring with permanent magnets or
toothed ring with variable reluctance gear coupled to the
rotating parts, which they have high reliability, appropriate
robustness and fault-tolerant capability to work for different
industrial applications [31]. They show superior performance in
comparison with optical speed sensors because they are more
cost effective and less sensitive to the damages and mechanical
faults. Substantial errors for indirect speed measurement can be
caused by the wheel slip and slide, for example, in rainy
weather. These errors can be avoided by using direct speed
measurement method with eddy current speed sensors.

An eddy current speed sensor utilizing the fluxgate effect in
an amorphous ring core was presented in [32], which measures

the field of motional eddy current in the moving conductive
objects and coverts to speed values. This is a rather complicated
sensor with a high linearity error of approximately 5 %. A Hall
effect eddy current speed sensor using permanent magnet
excitation, which shows poor offset stability, was presented in
[33]. The eddy current speed sensors presented in [22] and [32]-
[33] were only operated with aluminum moving parts.

A single-chip synchronous detector, e.g., the ADG630
modulator/demodulator 1C, can be used for the processing the
output voltage with reasonable cost, instead of the lock-in
amplifier. The structure of the sensor is simple, as it only
consists of rectangular coils and steel lamination or ferrite yoke.
Therefore, the eddy current speed sensor with its signal
processing unit could be a cost-effective option for the linear
speed measurement. Its cost effective and simple configuration
is a vital advantage over commercial speed sensors.

VII. CONCLUSION

A novel parallel type of eddy current speed sensor has been
designed, analyzed and tested. A novel 3D analytical method
was used for sensor modelling. The analytical results coincide
well with the results of measurements, and they prove the
suitability of the proposed eddy current sensor for linear speed
measurements.

Extracting the real and imaginary components of the pick-up
coils using a lock-in amplifier has advantages over using the
absolute value of the voltage: 1 - A real component or an
imaginary component can have a smaller nonlinearity error than
the absolute value of the voltage, as shown in the results. 2 -
Either a real component or an imaginary component can be used
for error compensation if the other component is used as a speed
meter.

It is a standard method to consider using auxiliary sensors
beside the main sensor for error compensation. The second pair
of pick-up coils helps to increase the degree of freedom to
compensate the lift-off error, or the error caused by a change in
the temperature of the moving part. The voltages of the second
pair of pick-up coils are at the same level as the voltages of the
first pick-up coils, which can be utilized for error compensation.
Further mechanical and thermal effects can be compensated by
adding extra pick-up coils. The use of double frequency or
multiple frequency signals for excitation is an alternative
method for error compensation. For example, the voltage
corresponding to one frequency can be considered as a speed
meter and the other voltages can be utilized for compensation.

The operation of the eddy current speed sensor without a
magnetic yoke was analytically analyzed for higher speeds up
to 1225 km/h. The low sensitivity of the aluminum part can be
compensated by increasing the number of turns and the
dimensions of the excitation coil and pick-up coils. A 0.5 mm
silicon steel lamination was used for the magnetic yoke; it can
be replaced by a ferrite core, which allows higher excitation
frequencies, but it is fragile. Another option is to use a
nanocrystalline material.
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