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An Axial Airgap Eddy Current Speed Sensor

Mehran Mirzaei, Pavel Ripka and Vaclav Grim

Abstract—This paper presents a novel configuration of
the eddy current speed sensor to measure the rotating
speed of iron rods and shafts up to 3000 rpm. The proposed
eddy current speed sensor has an axial airgap structure
with one excitation coil and two antiserially connected pick
up coils. The speed sensor is mounted in the end shaft part
region. Different solid iron materials for rotating shaft are
considered in the measurements and calculations to
evaluate solid iron material effect on the eddy current speed
sensor performance. 2D and 3D finite element method is
utilized for the performance analysis of the speed sensor.
Also a 2D analytical method is developed for parametric
analysis. A copper rod is also used to compare the speed
sensor with the rotating iron shaft and copper shaft. Finally,
two thin copper discs with different diameters are mounted
on the solid iron shaft and their influences on the eddy
current speed sensor were evaluated and measured to
increase sensitivity and decrease sensor dependency on
the permeability of the solid iron shaft. The achieved
nonlinearity errors are about #0.2%.

Index Terms—Axial airgap, eddy current, speed sensor,
2D and 3D FEM, analytical, material effects.

I. INTRODUCTION

PEED measurement is a key theme in the control,

protection, and maintenance of rotating machinery. As
industry electrification for rotating machinery is growing, fast
and robust measurements of rotating speed are vital. The
compactness of the sensor and system for speed measurement
is also essential, especially for short axial length electrical
machines [1]-[5] as the speed sensor is mounted on the non-
drive end of machines. Many speed sensors are based on optical
principles. Nonintrusive reflective sensor for the ultra-high-
speed switched reluctance machines is described in [6]. Optical
sensors are susceptible to dust and grease so that they are not
ideal for a harsh environment.

The triboelectric effect was utilized in [7] to measure speed,
which is sensitive to dust and dirt because of electrostatic
phenomena. The sensorless method was investigated and used
for speed estimation [8], however, it is less reliable in faulty
conditions.

Magnetic speed sensors are robust, cheap, and reliable. An
absolute magnetic rotary sensor suitable for the measurement
of the angular position of motors was proposed in [9]. The
sensor consists of five flat coils: the large excitation coil and
four symmetrical receiving coils. The field in the receiving coils
depends on the position of the conducting strip. The sensor is
only 4.5 mm thick. However, this principle requires a shaft with

salient conductivity.
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A resolver is a long-established analog transducer for the
position and speed measurement without electronics processing
[10]-[12]. The conventional model of resolver has rotor
winding and two stationary perpendicular windings on the
stator creating a rotating field. Resolver has a similar
performance as a rotating transformer. The rotor winding needs
moving contacts which makes it less reliable at higher speeds.
Rotor winding can be replaced with a salient shape iron rotor as
an alternative. This is a kind of variable reluctance sensor [13]
and [14]. Rotating encoder or digital resolver for speed
measurement is a transducer with digital outputs. The
disadvantage of the resolvers is that they occupy considerable
space at the non-drive part of the housing. Also, resolvers can
be less practical at higher speeds as a sensitive rotating part is
on the shaft. A contactless speed sensor using moving
permanent magnets was presented in [15], which is based on
eddy current coupling [16], has the drawback of having a
mechanical moving part. References [17] and [18] presented
speed measurements utilizing stray flux in electrical machines
inside the housing and end winding or on the external surface
of the housing, which are not enough fault tolerant especially to
overheating and mechanical fault.

Utilizing the motional component of induced eddy current in
smooth conductive objects has been presented in numerous
papers. As an example, the early works on speed measurement
of fluids or flowmeters were presented in [19] and [20] using
contact electrode or pick up coils to measure the voltage, which
is proportional to the fluid speed. Later linear eddy current
speed measurements for solid moving objects were developed
and presented in [21]-[24] for nonmagnetic materials, which
speed estimation was performed using induced voltage in the
pick up coils or measured magnetic fields using, for example,
Hall sensor. Eddy current speed sensors for rotating speed
measurement were presented by authors in [25]-[26] with pick
up coils for voltage measurement and cylindrical structure,
which could be less efficient to utilize in the disc shape and
axial airgap machines [27]. These types of machines are
designed to have very short axial length (such as Pancake shape
with large diameter to axial length ratio) for industrial
applications with axial length constraint [28]. Therefore, axial
airgap eddy current speed sensor is preferable as it has shorter
axial length.

In this paper, a disc shape configuration of eddy current
speed sensor with axial airgap and compact axial length is
measured up to 3000 rpm and analyzed using approximate 2D
analytical method and 2D and 3D time stepping finite element
method (FEM). The sensor comprises one excitation coil and
two antiserially connected pick up coils, which are shielded by
thin disc steel lamination. The sensor can be installed in the
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non-drive end part of a machine shaft. The measurements and
analyses are performed at various constant speeds and different
excitation frequencies. The sensitivity and linearity
characteristics of the sensor and the material effect of the solid
iron shaft on the sensor performance are investigated.

Il. MODEL

Table | and Fig. 1 present an axial air gap sensor with a
rotating conductive shaft and its dimensional parameters. The
sensor has one excitation coil and two antiserially connected
pick up coils. It has a magnetic shield or yoke, which is a disc
shape silicon steel lamination in this paper. The outer diameter
of the magnetic shield is the same outer diameter of a rotating
copper or iron shaft.

The eddy current speed sensor utilizes a motional component
of induced eddy current caused by a rotating conductive shaft.
The motional component of induced eddy current makes
asymmetrical magnetic flux distribution in double sides of the
excitation coil as shown in Fig. 2. The asymmetrical flux
distribution induces a nonzero voltage on antiserially connected
pick up coils. Fig. 3 and Fig. 4 present induced voltages of each
pick up coil and resultant differential voltage of antiserially
connected pick up coils versus speed at 1.6 mm magnetic gap
between coils and rotating shaft using the analytical method in
Appendix.

TABLE |
PARAMETERS OF EDDY CURRENT SPEED SENSOR

Parameter Definition Value

Ne Number of turns in the excitation coil 1000

Np Number of turns in the pick up coils 1000

Io The outer radius of the rotating shaft 15 mm

I The outer radius of the copper disc 15 and 25 mm

m Mean radius of coils 10 mm

Om The gap between coils and shaft 1.6 and 2.6 mm

Os The gap between coils and shield 1.6 mm

he Coil height in the axial direction 5mm

hg Copper disc thickness 0.6 mm

hs Shield thickness 0.5mm

te Coil thickness in azimuthal direction 1.2 mm

W Coil sides distance 13.8 mm

L, Length of the straight part of the coil 10 mm
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Fig. 2. Schematic flux distribution in the linearized model of axial airgap
eddy current speed sensor at zero speed (magnetic flux is symmetric)
and nonzero speed (magnetic flux is asymmetric).
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Fig. 3. Real (Re) and imaginary (Im) components of Induced voltage of
individual pick up coils and antiserailly connected pick up coils versus
speed for rotating copper shaft — analytical method in Appendix
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Fig. 4. Real (Re) component of Induced voltage of individual pick up coils

(left) and antiserially connected pick up coils (right) versus speed for

rotating iron shaft - analytical method in Appendix

Iron, & =5 MS/m, 2 = 100

RMS value of excitation current is considered 15.5 mA in the
analytical calculations. Induced voltages of each pick up coil
decrease or increase versus speed depending on the speed
direction of the shaft as shown in Fig. 3 and Fig. 4. Therefore,
the differential voltage of antiserially connected pick up coils 1
and 2 is proportional to the speed value and direction. The real
component (Re) and imaginary component (Im) of induced
voltages are considered relative to excitation coil current as a
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reference signal. The real component of the voltage induced
into the pick up coils voltage (1 and 2) is smaller than the
imaginary component of voltage at 100 Hz and 200 Hz but it
increases or decreases with higher slope versus speed.

lll.  PARAMETRIC ANALYSIS

Induced voltages of antiserially connected pick up coils
versus frequency show different trends for copper and iron
rotating shafts as shown in Fig. 5. For example, the real
component of voltage versus frequency increases according to
the induction law and then decreases for copper shaft, but it
increases monotonically for iron shaft due to its lower
conductivity and higher permeability.

The material of the magnetic and nonmagnetic rotating shaft
could be changed for various applications or its properties
varies by temperature. Shaft Material effects are evaluated in
Fig. 6 and Fig. 7. The maximum value of induced voltage for
nonmagnetic shaft shifts to lower conductivities at higher
frequencies. Because skin depth and flux penetration are higher
with lower conductivity, which induced voltage becomes
higher (Fig. 6). The graphs of induced voltage for the magnetic
iron shaft in Fig. 7 show that real and imaginary components of
induced voltages increase with increasing conductivity and
decreasing relative magnetic permeability for real and
imaginary components of induced voltage at 100 Hz and
200 Hz. Adding copper disc on shaft end surface as shown in
Fig. 8 increases sensitivity of eddy current speed sensor in
comparison with an only iron rotating shaft (Fig. 9).
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Influences of copper disc thickness on induced voltage in
Fig. 10 a), show that optimum selection of copper thickness can
considerably increase the induced voltage. Copper disc
minimizes the effect of relative magnetic permeability

© 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 Industrial Electronics 69 (2002), 9586-9595, DOI 10.1109/TIE.2021.3113001

variations of the iron shaft on the induced voltage of the speed
sensor as shown in Fig. 10 b), which an advantage to
compensate rotating shaft materials effects on the speed sensor
performance.

IV. EXPERIMENTAL RESULTS

Fig. 11 shows the rotating copper shaft and eddy current
sensor. The voltage of pick up coils is measured using a lock-in
amplifier. Fig. 12 presents a schematic block diagram of a lock-
in amplifier. Real and imaginary components of voltage are
measured relative to the excitation coil current as a reference
signal. Three different solid irons are used for rotating iron
shafts with different conductivities and relative magnetic
permeabilities (Table I1). The conductivities were measured
and the relative magnetic permeabilities were estimated using
FEM and measurements. The measurements are performed
with a magnetic gap of 1.6 mm and 2.6 mm at 100 Hz, 200 Hz,
400 Hz, 600 Hz, and 800 Hz.

The real and imaginary components of measured voltage for
the copper shaft in Fig. 13 are satisfactory linear curves,
however, only the real component of measured voltage for the
iron shaft is an acceptable linear curve. The real component of
induced voltage or sensitivity of speed sensor increases with
increasing frequency in the iron shaft; however, it decreases for
copper shaft at higher frequencies above 200 Hz.

Fig. 11. Experimental elements— with rotating copper shaft and axial
airgap eddy current speed sensor
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Fig. 12. Schematic block diagram of the lock-in amplifier

TABLE Il
MATERIAL PROPERTIES OF ROTATING SHAFT

Conductivity,

Material ~ Magnetic relative permeability, x, 5, (MS/m)
Iron 1 86.57 5.39
Iron 2 88.83 5.24
Iron 3 78.35 4.29

Copper 1 58
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The experimental structures of rotating iron shafts with the
copper disc are shown in Fig. 15. Copper discs with a thickness
of 0.6 mm and diameters of 3 cm and 5 cm are used for the
measurements (Fig. 8). Adding copper disc to rotating iron shaft
increases sensitivity of eddy current speed sensor in Fig. 16.
The induced voltages are considerably higher with a 5 cm
diameter copper disc in comparison with a 3 cm diameter
copper disc because a larger-diameter disc has higher
equivalent conductivity and lower resistance to the induced
eddy currents.

The sensor voltage is linearly proportional to the excitation
coil current and therefore, the sensor accuracy depends on the
excitation current. The excitation coil is connected to a constant
voltage source with 10 V amplitude and internal resistance
50 Q. A 10 Q resistance is used in series with the excitation coil
to measure the excitation current as shown in Fig. 12. The
measured currents decrease with frequency frequency as shown
in Fig. 17. It decreases by about 5% from 100 Hz to 800 Hz
because of increasing excitation coil reactance.
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Fig. 17. The excitation coil current versus frequency for gn=1.6 mm (left)
and gn=2.6 mm (right) — Experimental results

Table 111 and Table IV present sensitivity coefficients, Kg
and K; (mV/rpm) of real and imaginary components of
differential voltage (Upq-g and Upq_;) of antiserially
connected pick up coils at 100 Hz, 200 Hz, 400 Hz, 600 Hz, and
800 Hz versus rotational speed, n,.:

Upa-r = Kr "1y, Upa-1 = Ki*ny
(1)

Increasing magnetic gap, gm about 63% in percentage from

1.6 mm to 2.6 mm has less change in induced voltage than 63%
in percentage, for example, less than 25% in the iron shaft with
and without copper disc. Higher airgap has a mechanical
advantage in terms of less mechanical tolerance and complexity
for mounting eddy current speed sensor, especially at higher
speeds operation.

Differences between induced voltages and sensitivities in
Table 11l and Table 1V for iron 1 with copper disc and iron 3
with the copper disc are lower compared to the corresponding
values for iron shaft without copper disc as the induced voltages
are less dependent on material conductivity and relative
magnetic permeability of iron shaft as shown in Fig. 10. The
copper disc with 5 cm diameter suppresses the effects of iron
shaft materials more than copper disc with 3 cm diameter due
to the stronger induced eddy current and its higher reaction
fields. Copper disc with 5 cm diameter has less edge effects in
comparison with copper disc with 3 cm diameter and higher
effective conductivity according to Russel-Northworthy factor,
kr-n (see (5) in Appendix). This factor for first harmonic (n=x1)
is calculated 0.157 for 3 cm disc and it is 0.467 for 5 cm disc.

TABLE IlI
SENSITIVITY COEFFICIENT, Kz FOR REAL COMPONENT OF VOLTAGE
Frequency (Hz 100 200 400 600 800
Iron 1+ gm=1.6 mm | 20e-5 | 39e-5 | 8le-5 | 108e-5 | 113e-5
3 cm copper  gn=2.6 mm | 16e-5 | 32e-5 | 67e-5 | 93e-5 | 100e-5
Iron 1+ On=1.6 mm | 5le-5 | 122e-5 | 205e-5 | 176e-5 | 109e-5
5 cm copper  gn=2.6 mm | 38e-5 | 94e-5 | 165e-5 | 153e-5 | 106e-5
Iron 3+ Om=1.6 mm | 19e-5 | 41e-5 | 85e-5 | 112e-5 | 116e-5
3 cm copper  gn=2.6 mm | 14e-5 | 30e-5 | 64e-5 | 88e-5 | 96e-5
Iron 3+ On=1.6 mm | 50e-5 | 126e-5 | 211e-5 | 177e-5 | 105e-5
5 cm copper  gn=2.6 mm | 38e-5 | 97e-5 | 169e-5 | 166e-5 | 109e-5
Iron 1 gn=1.6 mm | 16e-5 | 2le-5 | 28e-5 | 33e-5 | 36e-5
On=2.6 mm | 12e-5 | 17e-5 | 22e-5 | 26e-5 | 29e-5
Iron 2 Om=1.6mm | 14e-5 | 19e-5 | 26e-5 | 3le-5 | 34e-5
On=2.6 mm | 1le-5 | 15e-5 | 2le-5 | 24e-5 | 27e-5
Iron 3 Om=1.6 mm | 13e-5 | 18e-5 | 24e-5 | 29%e-5 | 32e-5
On=2.6 mm | 10e-5 | 14e-5 | 20e-5 | 23e-5 | 25e-5
Copper Om=1.6 mm | 32e-5 | 43e-5 | 28e-5 | 16e-5 | 8.9e-5
gn=2.6 mm | 25e-5 | 34e-5 | 27e-5 | 19e-5 | 14e-5
TABLE IV
SENSITIVITY COEFFICIENT, K| FOR IMAGINARY COMPONENT OF VOLTAGE
Frequency (Hz 100 200 400 600 800
Iron 1+3cm  |gn=1.6 mm | 29e-5 | 44e-5 | 44e-5 | 20e-5 | -14e-5
copper On=2.6 mm | 25e-5 | 38e-5 | 42e-5 | 24e-5 0
Iron 1+ Om=1.6 mm | 73e-5 | 85e-5 | -5.1e-5 | -107e-5|-148e-5
5 cm copper  |gn=2.6 mm | 59e-5 | 73e-5 | 9.7e-5 | -67e-5 |-105e-5
Iron 3+ gn=1.6 mm | 3le-5 | 46e-5 | 45e-5 | 16e-5 | -18e-5
3 cm copper  |g,=2.6 mm | 25e-5 | 38e-5 | 4le-5 | 24e-5 0
Iron 3+ Om=1.6 mm | 75e-5 | 88e-5 |-10.4e-5|-111e-5-153e-5
5 cm copper  |gn=2.6 mm | 6le-5 | 75e-5 | 1le-5 | -68e-5 |-105e-5
Iron 1 Omn=1.6mm | 11e-5 | 14e-5 | 17e-5 | 19e-5 | 19e-5
gn=2.6 mm | 9.2e-5 | 12e-5 | 14e-5 | 15e-5 | 15e-5
Iron 2 Om=1.6 mm | 1le-5 | 14e-5 | 17e-5 | 19e-5 | 20e-5
gn=2.6 mm | 8.7e-5 | 1le-5 | 14e-5 | 15e-5 | 15e-5
Iron 3 Om=1.6 mm | 10e-5 | 13e-5 | 16e-5 | 17e-5 | 17e-5
gn=2.6 mm | 8.5e-5 | 1le-5 | 13e-5 | 14e-5 | 14e-5
Copper Om=1.6 mm | 18e-5 | -2.8e-5 | -22e-5 | -23e-5 | -21e-5
gn=2.6 mm | 15e-5 | 1.9e-5 | -12e-5 | -15e-5 | -14e-5

3D FEM analyses (Fig. 18) at 100 Hz and 200 Hz for
1171.9 rpm and 3000 rpm are performed for comparison with
measurements. The simulation results coincide well with
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measured results concerning rotor material effects on speed
sensor performance (Table V — Table VIII). The mismatch
between 3D FEM and measurements is mainly caused by
inexact material data especially relative magnetic permeability
for the iron of shaft and a larger gap in measurements, which
cause 3D FEM results to become higher than measurements.
Time stepping FEM with consideration of movement is used
for the simulation of axial airgap eddy current speed sensor to
model shaft motion and induced eddy currents in the rotating
conductive shaft [29]-[30]. Multiple connected conductive
regions can be considered in the simulations using this method.

Fig. 18. Eddy current distribution on a rotating shaft, a) an only iron (left)
and b) with a copper disc (right) — 100 Hz and 3000 rpm

TABLE V
COMPARISON BETWEEN EXPERIMENTAL AND FEM RESULTS

gm=1.6mm Upd(MV) at 100 Hz | Uyq(mV) at 100 Hz
1171.9 rpm 3D FEM Exp. 3D FEM Exp.

Iron Iron 1 0.4743 0.4185 0.7698 0.6961
+3 cm copper | Iron 3 0.4678 0.4234 0.7701 0.7225
Iron Iron 1 1.2124 1.049 1.94 1.757
+5cm copper | lIron 3 1.2076 1.062 1.9616 1.819
Iron 1 0.2413 0.2304 0.3048 0.3045
Iron 2 0.2338 0.2088 0.2970 0.2826
Iron 3 0.2280 0.1962 0.2899 0.2626
Copper 0.4562 0.4276 0.4976 0.5028

TABLE VI

COMPARISON BETWEEN EXPERIMENTAL AND FEM RESULTS

Om = 1.6 mm Upq (MV) at 100 Hz Upd (MV) at 200 Hz
3000 rpm 3D FEM Exp. 3D FEM Exp.

Iron Iron 1 1.2326 1.046 1.9602 1.754
+3 cm copper | Iron 3 1.2253 1.074 1.9467 1.83

Iron Iron 1 3.1057 2.644 4.9995 4.439
+5cm copper | Iron 3 3.1030 2.686 5.0928 4.594
Iron 1 0.6645 0.573 0.8099 0.7591
Iron 2 0.6461 0.5045 0.7842 0.7017
Iron 3 0.6380 0.4938 0.7694 0.6587
Copper 1.1915 1.116 1.3352 1.322

TABLE VII

COMPARISON BETWEEN EXPERIMENTAL AND FEM RESULTS

Om = 2.6 mm Upa (MV) at 100 Hz Upq (MV) at 200 Hz
1171.9 rpm 3D FEM Exp. 3D FEM Exp.

Iron Iron 1 0.3733 0.3499 0.6079 0.5899
+3 cm copper | Iron 3 0.3692 0.338 0.6061 0.5673
Iron Iron 1 0.8913 0.8279 1.4905 1.409
+5 cm copper | Iron 3 0.8901 0.8467 1.5077 1.444
Iron 1 0.1784 0.1815 0.2459 0.2408
Iron 2 0.1758 0.1669 0.2405 0.2242
Iron3 0.1708 0.1576 0.2330 0.2111
Copper 0.3552 0.3363 0.4162 0.4004

TABLE VI

COMPARISON BETWEEN EXPERIMENTAL AND FEM RESULTS

gm=2.6 Mmm Upa(MV) at 100 Hz | Upq(mV) at 200 Hz
3000 rpm 3D FEM Exp. 3D FEM Exp.
Iron Iron1 0.9712 0.8833 1.5527 1.489
+3 cm copper | lron 3 0.966 0.8533 1.5484 1.438
Iron Iron 1 2.3768 2.107 3.8656 3.561
+5 cm copper | lron 3 2.3793 2.138 3.9097 3.671
Iron 1 0.5033 0.458 0.6207 0.6044
Iron 2 0.4915 0.4104 0.6073 0.5622
Iron3 0.4826 0.4005 0.5940 0.5303
Copper 0.9401 0.8724 1.0910 1.04
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shaft and disc - Experimental

V. NONLINEARITY ERROR ANALYSIS

The nonlinearity error is expressed in percentage of the full
scale. Nonlinearity errors of the measured induced voltage of
antiserially connected pick up coils are shown in Fig. 18 and
Fig. 19 for an only iron shaft and iron shaft with the copper disc
at different frequencies and the magnetic gap between coils and
rotating part. The nonlinearity errors are quite low as 0.2%.

The main noninherent or external reason for nonlinearity
could be due to the imperfect flatness of the end shaft surface.
For example, nonuniformity of the end shaft surface (see Fig.
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24) was modeled using 2D FEM with 0.5 mm saliency and the
results are shown in Fig. 21 at 600 rpm and 200 Hz. The
frequency spectrum of the induced voltage consists of main
frequency, 200 Hz and two side frequencies, 200+10 Hz, where
10 Hz is frequency corresponding to rotation speed. The
parasitic signal at side frequencies cannot be efficiently
suppressed by the filter in the lock in amplifier and contribute
to linearity errors.

5 600 rpm, 200 Hz
_ —lron, 0 mm
i ron, 0.5mm ¢

P 600 rpm, 200 Hz

5.

VVAVMAAVAAAAAAAAAY

Voltage (mV)
: [S)

—Copper, 0 mm
Copper, 0.5 mm

S S
P \\},‘U.s[mm
0 002 004 006 008 01 0 0.02 004 006 008 0.1
Time (s) Time (s)
Fig. 21. The induced voltage of antiserially connected pick up coils for
rotating copper shaft and iron shaft — 2D FEM using linearized model.
Flat shaft and shaft with 0.5 mm saliency are considered

VI. HIGH SPEED OPERATION

Fig. 22 shows simulations of axial airgap eddy current speed
sensor for higher speed range, £30000 rpm. The excitation
frequency should be increased to obtain appropriate linearity
for the sensor operation. For example, excitation frequency,
2000 Hz provides satisfactory results in Fig. 22 for speed range
+30000 rpm. The sensor does not have an upper speed
limitation.

20 10
—Iron, Re, 100 Hz 1 —lron, Im, 100 Hz
= Iron, Re, 200 Hz = Iron, Im, 200 Hz P
~-Iron, Re, 800 Hz K ~Iron, Im, 800 Hz . ",—'
10 --Iron, Re, 2000 Hz‘,/' 5 =-Iron, Im, 2000 Hzf,’ (__,:"

-20 -10
3 2 41 0 1 2 3 3 =2 4 0 1 2 3
Speed, n_(rpm) <10% Speed, n_(rpm) «10*
Fig. 22. Real (Re) and imaginary (Im) components of the induced
voltage of antiserially connected pick up coils for rotating iron shaft up
to + 30000 rpm - analytical method in Appendix with | = 15.5 mA

VII. DISCUSSIONS

Using the fluxgate effect in an amorphous ring core to
measure the field of motional component of induced eddy
currents was presented in [31] for a speed sensor. This sensor
has a high nonlinearity error of approximately 5% and
complicated structure. A Hall sensor for speed measurement
using permanent magnet excitation and utilizing motional
component of induced eddy currents was presented in [32] with
poor offset stability and high nonlinearity error. The proposed
axial airgap eddy current speed sensor in this paper has 0.2%
nonlinearity error, which is better than industrial tachometer

with 1.0% nonlinearity error [33]. The proposed eddy current
sensor in this paper has significant advantages: it has low
nonlinearity error, it is cost effective cost effective and
compact.

A commercial lock-in amplifier chip could be used if a real or
imaginary component of induced voltage is desired for the
speed meter depending on their superiority in terms of higher
linearity and sensitivity. However, a simple rms reader can be
used for speed measurement when real and imaginary
components of induced voltage curve versus speed are a
satisfactory straight line.

Compensating effects of shaft material, temperature, and
varying mechanical and magnetic gaps between sensor and
rotating shaft are important for industrial speed sensor design.
Pulsed eddy current method and multi-frequency method [34]
are well known contactless and nondestructive approaches to
compensate gap variation or liftoff, which can be utilized also
for the eddy current speed sensor. Using signal with square,
triangle, and sawtooth waveforms is another option. The
amplitude and phase of the harmonic components in the
induced voltage could be used for the compensation too.
Another advantage of measuring real and imaginary
components of voltage is that one can be used for speed meter
and another one can be considered for compensation purpose if
both components are adequate straight line versus speed.
Another possible compensation method is ratiometric
processing, (Up,-Up)/ (Upi+Up,) of the pickup voltages, which
is successfully utilized in LVDT sensors. For example, Fig. 23
shows the effect of increasing of gap between coils and rotating
part, g about 25% (1.6 mm to 2 mm). Real component of
induced voltage decreases 7.65%. However, corresponding
ratiometric value changes by only 2.8%.
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= o
2 =
£ ©0.06
@«
& g
=03 @
S =0.04
8 2
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0 P A —— ]
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Fig. 23. Real (Re) and imaginary (Im) components of Induced voltage of
antiserially connected pick up coils versus speed for rotating iron shaft
(left) and ratiometric outputs (right) - analytical method in Appendix

The proposed eddy current speed sensor can be utilized for
speed range £3000 rpm in all industrial applications using
standard rotating electrical and mechanical machines, for
examples, squirrel cage induction machines. Therefore, this
sensor is suitable for most standard applications, include fans,
pumps, grinders, conveyors, mills, crushers, agitators,
positioners, roller and gate drives, and other applications.

Decreasing diameter of shaft reduces output voltage and
sensitivity of the sensor as the sensitivity is dependent on the
shaft diameter. Attaching larger magnetic (iron) or
nonmagnetic (brass, aluminum or copper) diameter disc to the
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shaft as shown in Fig. 8 or increasing excitation frequency are
techniques to keep sensitivity at proper value for smaller shafts.

VIIl. CONCLUSION

A novel axial airgap eddy current sensor was presented, and
its performance was measured and analyzed with consideration
of electrical and magnetic properties and mechanical
parameters. The proposed eddy current speed sensor is simple,
cost-effective, and compact with excellent linearity, which
shows its high potentiality for industrial applications. The
measured nonlinearity error is as low as £0.2%. Using a copper
disc with an iron rotating shaft causes higher sensitivity and
lower nonlinearity error in the imaginary component of the
induced voltage. The effects of rotating shaft materials and the
magnetic gap between coils and the rotating part on eddy
current speed sensor were investigated, which are important
factors on sensor accuracy and sensitivity. Using copper disc
also suppresses the effect of the shaft material. A 2D
approximate analytical method was utilized for fast parametric
analysis of the eddy current sensor. 3D time-stepping FEM with
taking into account shaft rotating speed was used for detailed
and more precise analysis of the sensor performance and
comparison with measurements. The real component of
induced voltage in the antiserially connected pick up coils is
correlated to the eddy current losses in the moving part and the
imaginary component of voltage represents the inductive
coupling between the excitation coil and pick up coils.

Optimizations of axial airgap eddy current speed sensors are
planned for future works in terms of increasing sensitivity and
improving nonlinearity errors using optimum shape and
dimensions for copper disc and choosing best nonmagnetic
materials, for example, between aluminum with different
conductivities, brass or stainless steel, for it. We will also
concentrate on the compensation of temperature effects on
material properties and airgap. Operating and evaluating axial
airgap eddy current speed sensor at higher speeds are also
considered for further developments.

APPENDIX

The 3D model of the eddy current sensor is simplified to a
linearized 2D model as it is a common method to analyze axial
airgap induction machines [35] - [36]. Equation (2) presents
differential equations for 7 regions as shown in Fig. 24. A; is a
magnetic vector potential.
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Fig. 24. 2D linearized model of axial airgap eddy current speed sensor
for the analytical analysis
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Fig. 25. 2D in-plane view of coils and rotating shaft and magnetic flux
distribution with rotating copper shaft, iron shaft, and iron shaft+copper
disc

Regions 1, 2, 3, 4, 5, 6 and 7 correspond to parts above shield,
shield, air gap between shield and coils, coils, the air gap
between coils and shaft, copper disc and solid iron shaft,
respectively. In the case of no copper disc, it will be only 6
regions and region 6 is an only copper or an only iron shaft.
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The solutions of (2) are obtained using the separation of
variables (Fourier method) [37]:

AZ,I = (Cl‘leyy + Czlle_yy) ej(wt_mx)
n=+1,+2,
2nn
m=T, l=2nr, y=|m|
AZ,Z = (Cl’ze}-sy + Cz’ze_lsy) ej(O)t_mx)

n=+1,+2,

As = ’mz + jwostopy s

Ayz = Z (Cl‘ge}’y + Cz,se_yy) e/ (wt-mx)

n=+1,+2,-

Aaa= Y (Cuae” + Coper + 125 prtorom
n=+1,+2,
J NI
Jon = ]n_sn (cos(m(0.5w, + t.)) — cos(mt.)), Js = h:tc

Ays = (C1,5€yy + Cz,se_yy) e/ (wt—mx)
n=x+1,%2,
AZ,6 = Z (C]-,Geﬂ-cy + CZ,Ge_Acy) ej(wt—mx)
n=+1,42,

Ye =\/m2 +JO-L{HO(w_mV)J V= Tm "Ny
AZ,7 = Z (C1'7eﬂ-iy + C2'7e_/1iy) ej(a)t—mx)

n=+1,£2,

Yi = \/mz +jo—i,.u0ﬂr,i(w -mV), V=rn,n,

©)

To obtain constants, Ci’s and Cy’s in (3), boundary
conditions between regions in (3) are applied. Hx and By are x-
component of magnetic field strength and y-component of
magnetic flux density (Fig. 25), respectively. All dimensional
parameters in (2)-(4) are explained in Table I. u, s and p,; are
relative magnetic permeability of shield and solid iron shaft. o,
and o; are modified or effective copper disc and solid iron and
copper shaft conductivities using (5) with considering the third
dimension using Russel-Northworthy factor [38], respectively.
n, is the rotating speed of the shaft.

Az,l = 0|(y = oo)

Hx,l = Hx,2|(y = hc +9s+ hs)
By,l = By,2|(y = h,+ gs + hy)
Hx,z = Hx,3|(y =h, + gs)
By,z = By,3|(y = hc + gs)
Hx,3 = Hx,4|(y = hc)

By,3 = By,4|(y = hc)

Hx,4 = Hx,sl(y =0)
By = By,s|(y = 0)
Hx,S = Hx,6|(y = _gm)
By,S = By,6|(y = _gm)
Hx,6 = Hx,7|(y ==9m — hd)
By,6 = By,7|(y = —9m — ha)
Az,7 = 0|(y = —00)

(4)
0; = kp_n0i, 0¢ = kgp_yO,
. 4 tanh (%%) ~ l
R(‘j T (ES) (v ann () ann ()3
5

where, w, (copper disc overhang) in (5) is rg-r, to calculate
kr-n for copper disc according to Table I. It is zero for only iron
or copper shaft or when copper disc has the same diameter as
the rotating shaft.

Fig. 25 shows the 2D view of coils and magnetic flux
distribution with an only copper shaft, an only solid iron shaft,
and solid iron shaft with the copper disc. Equation (6) presents
differential induced voltage, U, 4 in antiserially connected pick
up coils [29].

_2nm
Upr = —2wN,L, Z Cy,-Cype /73 e/t
n=i1,i2,'“
- (cos(m - (0.5w, + tc)) — cos(m - 0.5WC))
vt mh.t,
(e?he —1) (e —1)  pojs,
Cu,z = (C1,4 y - C2,4 + m;n he

2nm
Up,l = _ZwNer Z CU,l " CU,Z e] 3 e]wt
n=+1,42,--

Up,d = Up,l - Up,T

= —]4a)Ner CU,l

n=11,£2,
. (2nm\ .
- Cy, sin (T) elot
(6)

The emf of the excitation coil in (7) could be calculated as
(6) and the results are shown in Fig. 26 for the real and
imaginary components. The speed has small effect on the
excitation coil emf, especially for the imaginary component.

Ue = _ZwNeLr CU,l : CU,Z e]wt
n=t143,

()
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