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Abstract—This paper presentsthe designand analysis of a new
eddy current speed sensor with ferromagnetic shielding.
Aluminumandsolidironare considered for the moving part.
One excitation coil and two antiserially connected pick up coils
are shielded by a thinsteel lamination. 3D timestepping finite
elementanalysisis used to analyze the sensor performance with
different magnetic materialsand comparedwith e xperimental
results. The compactness,simplicityandexcellent linearity with
different magnetic materials for the moving part show
uniquenessof the proposed speed sensor. The shielding increases
sensitivity and reduces the influence of close ferromagnetic
objects andinterferenceson the sensor performance.

Keywords—Eddy current speed sensor, aluminum, iron,
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. INTRODUCTION

Speed sensors are vital parts of linearand rotating machines
for control and protection purposes [1]-[3]. Contactless
magnetic speed sensors are resistant against dust and oil,
which brings them advantage over optical sensors [4]. The
most popular sensor type is based on reluctance variation.
Eddy current speed sensors work forall conducting moving
bodies including those with smooth surface. They have simple
constructionand presentfavorable solutionespecially at high
speeds. Longitudinal and perpendicular configurations of eddy
current speed sensors and speed effects utilizations were
presented in [5]-[11]. The presented models in [5] - [11] had
only nonmagnetic aluminummoving part, which is simpler for
analysis butnot practical forindustry in comparison with solid
iron moving part. The authors analyzed and tested similar
eddy current speed sensors forsolid iron rod linear [12] and
rotational configuration [13] without magnetic yoke and
shield. These sensors suffered from sensitivity to magnetic
interference and also to the presence of ferromagnetic
materials from their vicinity. The magnetic shielding and
magnetic yoke can increase the sensitivity of eddy current
speed sensors as it provides low magnetic reluctance for the
magnetic flux

In this paper, a linear eddy current speed sensor with
magnetic yoke and shielding using 0.5 mm silicon steel
lamination is presented. Aluminum and solid iron moving
bodies are both used in the finite element method (FEM)

modeling and measurements. The effects of magnetic
materials of the shielding are also investigated. Different
excitation frequencies and speeds are considered in the
measurements and analysis to obtain best sensor output
linearity and sensitivity.

Il. EbDY CURRENT SPEED SENSOR

A. Model

Table I and Fig. 1 present the eddy current speed sensor
modeland parameters. Parameter, V is the speed in Fig. 1.

Tablel
Eddy current speed sensor parameters

PARAMETERS Values
1 excitation coil current amplitude 166 mA
N number of turn in all coils 100
L moving part width 100 mm
Nm moving part thickness 5.0mm
he coils thickness 4.7mm
We, o outer coil width 29.0 mm
We i inner coil width 25.0 mm
Ws ferromagnetic shield width 30 mm
Is ferromagnetic shield length 90 mm
Oal moving part aluminum conductivity at room 335
temperature MS/m
i moving part solid iron conductivity at room 6.0 MS/m
temperature
i relative magnetic permeability of moving part solid 100
iron
[ silicon steel shield conductivity 3.1MS/m
s relative magnetic permeability of silicon steel 1000
shield

Fig. 1. Eddy current speed sensor with steel lamination for shielding
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Fig. 2. 2D schematic models of eddy current speed sensor and moving part
with single excitation coil and antiserially connected pick up coils — at zero
speed (up) and nonzero speed (bottom)

B. Operation Theory

Two pick up coils (Fig. 1 and Fig. 2) are. Ideally induced
voltage andnetfluxin the antiserially pick up coils are zero at
zero speed because left and right side coils have same flux
linkage with the excitation coil. The net total flux of
antiserially connected pick up coils is nonzero at nonzero
speed becausepick up coils sensedifferent fluxlinkages due
to the induced eddy currents as shown in Fig. 2. The flux
linkages of pick up coils are affected unevenly by motion
component of induced eddy current [5], [14]. As speed
increases, thedifference between induced voltages of left and
right side coils increases, which is utilized for the speed
sensing forsolid conductive movingobjects.

I1l. SPEED SENSOR MEASUREMENTS

A. Experimental setup

BExperimental set up and measurement devices are shown in
Fig. 3. A rotating disk (aluminum and iron) with thickness
5 mm is considered as moving part. The disk rotates between
-500 rpm up to +500 rpm and center of eddy current speed
sensor is located 22.5 cm distance from disk center. The
dimensions ofeddy current speed sensor are reasonably small
in comparisonwith rotating disk therefore it can be assumed
that eddy current speed sensor sense linearspeed relative to
the rotating disk. The electrical conductivities of iron and
aluminum disk were measured and mentioned in Table I at
room temperature. Lock-in amplifier is used for precise
measurements of pick up coils voltage. A signal generator
with internal resistance 50 Q is connected to the excitation

Fig. 3. Experimental set up — rotating disk (aluminum and solid iron) as
moving part and eddy current based speed sensor (left) and signal generator

and locked-in amplifier (right)
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Fig. 4. Schematic block diagram to demonstrate the possible electronics
diagram to process speed sensor output signal

Fig. 4 shows schematic block diagram, which can be
considered for possible electronic design forthe sensor.

B. Speed sensor results
Fig. 5 and Fig. 6 present measured absolute value of
measured voltage, V. of pick up coils:

V, = V2 +V? @
where, Vyand Viare real componentand imaginary component
of inducedvoltage in the antiserially connected pickup coils
relative to the excitation coil current asreference signal. The
polarity ofabsolutevalue of voltageis calculated using phase
shift relative to the excitation coil current.

Pick up induced voltages for the iron rotating disk increase
with increasing excitation coil frequency, which is different to
the aluminium rotating disk. Linearity of induced voltage
versus linearspeedforiron rotatingrod is the best at 300 Hz
and it is the best between 120 Hz and 180 Hz for aluminium
rotating disk. The gap between coils of eddy current speed
sensorandrotatingdiskis about 6.25 mm, which is sufficient
reasonable value for many industrial applications. High
linearity of induced voltage curve versus speed makes the
proposed sensorto be suitable device for speed measurement.
The real component and imaginary component of induced
voltages show differenttendency versus speed (Fig. 7-Fig.8).
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Fig. 5. Measured voltage of pick up coils for iron rotating disk at different
frequencies —absolute value
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Fig. 6. Measured voltage of pick up coils for aluminum rotating disk at

different frequencies —absolute value
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Fig. 7. Measured real component (Re) and imaginary component (Im) of

induced voltage of pick up coils for iron rotating disk

Real component of induced voltage is more linear versus
speed for all frequencies in comparison with imaginary
component and its linearity is less dependenton theexcitation
frequency. Real component of induced voltage is proportional
to the losses component in the rotating disk, which could be
more reluctant to the speed sensor lift off.

It is shown that eddy current speed sensor sensitivity is
highly dependent on the moving part material properties.
Conductivity ofaluminumand iron moving partand relative
permeability ofiron moving part could change eddy current
speed sensor outputs [13]. Compensating moving part material
properties on the eddy current speed sensor output is a
challengingissue and it must be addressed.

The root mean square error (RMSE) for linearity in
percentage value as an indicator [15] for representation of
fitness of measured values to the linear curve fitis calculated
about 0.26% for iron rotating disk at 300 Hz. Fig. 9 shows the
error in percent of full range as an alternative approach for
linearity error evaluation of speed sensor, which shows
imaginary componentofinduced voltage is more linear than
real component of induced voltage.
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Fig. 8. Measured real component (Re) and imaginary component (Im) of
induced voltage of pick up coils for aluminium rotating disk
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Fig. 10. Eddy current distribution in the aluminium moving part at zero speed
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IV. 3D FEM ANALYSIS

The performance ofeddy currentspeedsensoris analyzed
using time stepping 3D FEM tool [16]. The motion of moving
part is considered at different speeds. Sliding mesh method is
used in the FEM tool to model motion of moving part. The
eddy current effects are taken into countin the shielding too as
well as conductive moving part. In orderto modelaccurately
skin effects in the moving part and shielding, the mesh sizes
are adjustedaccordingly. Second order elements are utilized in
the FEM tool, which high accuracy analysis could be
achieved.

Only half of model is analyzed because of symmetry to save
simulation time. Eddy current distribution in the aluminum
moving part at zero speedand 10 m/s are shownin the Fig. 10
and Fig. 11. Eddy current distribution changes from
symmetric form (Fig. 10) to asymmetric form (Fig. 11) due to
the speedeffect, which causes differentinduced voltage in the
left and right side pick up coils.

A. Comparisonbetween Experiments and FEM

Table Il presents comparison between 3D FEM analysis and
measurements at 2 m/s, 5 mv/s and 10 mv/s for aluminumand
iron rotating disks. 3D FEM results coincide very well with
measurements, which show accuracy of 3D FEM and its
suitability for further steps, forexample, eddy current speed
sensor optimization and material effects evaluations.

Fig. 12 shows comparison between experimental and 3D
FEM results versus time for rotating iron diskat 10 mvs.

Linear modelis used forthe simulation assensor size and
dimensionsare very smallin comparisonwith rotating disk. It
is convenientto use diskor cylinderas a fine approximation
for linear motion [17]-[20].
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Fig. 12. Comparison between experimental and 3D FEM curves versus time

at 10m/s

Tablell
Comparison between experimental results and FEM for induced voltage (mV)
—rms value
2m/s 5m/s 10 m/s
Exp./ Exp./ Exp./
FEM FEM FEM
Aluminum 0.42/ 1.057/ 2.085/
120 Hz 0.429 1.075 2.185
Aluminum 0.318/ 0.815/ 1.793/
240 Hz 0.294 0.845 1.889
Iron 0.168/ 0.427/ 0.959/
120 Hz 0.17 0.446 0.99
Iron 0.207/ 0.514/ 1.022/
240 Hz 0.212 0.513 1.0

B. Ferromagnetic Materials Evaluation of Magnetic Shield
and MovingPart

Table Il presents effect of relative magnetic permeability
of iron moving part on the sensor output. With increasing
permeability the sensitivity is decreasingdueto the decrease
of penetration depth. Relative magnetic permeability varies for
different steelsandirons [21]-[22].

Effect of magnetic shielding is evaluated in the Table IV.
First case is silicon steelwith 0.5 mm thicknessand estimated
relative magnetic permeability 1000. The relative magnetic
permeability in the second case is changed to 100, which
induced voltage decreases considerably because of higher
reluctancein the magnetic fluxpath. Third caseis Ferrite core
with 5 mm thickness and relative magnetic permeability 2000
for magnetic shielding, which induced voltage increases.
However eddy current speed sensor becomes thickerand less
compact.

Table 111
FEM results of induced voltage (mV) for difierent moving part permeability —
rms value
10 m/s wi=75 14i=100 1i=125
120 Hz 1.12 0.99 0.88

Iron, 240 Hz [ 240Hz | 1.15 | 1.0 | 0.90 |
- - -3DFEM FEM results of induced voltage (mV) for difierent magnetic shield materials —
rms value
10 m/s 1- 1,s=1000 2- u=100 3- u=2000
120 Hz 0~3.14 MS/m 0~3.14 MS/m 0~=0 MS/m
Iron 0.99 0.838 1.66
Aluminum 2.185 1.641 2.404

V. CONCLUSIONS

The proposed shielded eddy current speed sensor has
sensitivity 110 pV/my/s for iron rotating disk at 300 Hz and
210 pV/nvs for aluminum rotating disk at 120 Hz. The
3D FEM calculations shows that shielding increases
sensitivity by the factor over 2, but its main role is to suppress
sensitivity to external magnetic fields and ferromagnetic
objects. The linearity error is 0.26 % for iron moving part at
300 Hz.

The sensitivity can be increased several times by
increasingnumber of turns of all coils; the limitations are the
parasitic capacitances and shielding saturation.

The sensor can be optimized in terms of linearity and
sensitivity using 3D FEM as the simulation results fits well
with the measured values.

The sensor requires temperature compensation of the
material properties andalso compensation forthe changes of
lift-off: using ratiometric output Vi-V2/(V1+V-2) would be the
first choice. This techniqueis successfully utilized in LVDT
sensors. However, verification of such compensationis out of
the scope ofthe presentpaper.
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