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Abstract—This paper presents the rotating speed measurement
of solid iron hollow shafts using the optimum design of a rotational
eddy current sensor. The rotating speed measurements are
performed using the optimized sensor up to £3000 rpm to evaluate
sensitivity enhancement and linearity performance. The sensor is
optimized for a shorter axial length and higher sensitivity with a
new configuration of the coils. An aluminum shell on a solid shaft
is used, which helps to improve the sensitivity and the
susceptibility of the sensor to the material properties of solid iron.
A 2D analytical method and a 3D time stepping finite element
method are considered for the theoretical analysis of the sensor
and for an assessment of the effect of this optimization on the
performance. The performance of the sensor was verified by
measurements. The evaluation of the speed sensor for higher
speeds up to £30000 rpm is performed using the 2D analytical
method.

Index Terms—Eddy current, measurement, modeling, optimum
design, speed sensor.

I. INTRODUCTION

Moation control is essential for all moving machinery, for the
purposes of efficient performance, maintenance, and protection
[1]-[2]. Speed sensing is therefore needed as a critical input for
the control system of industrial applications, for example,
electric and hybrid vehicles for transportation systems [3].
Electric vehicles include various mechanical and electrical
rotating components. There is increasing utilization of high
power density electrical machines with cylindrical and disc
configurations in electric and hybrid transportation systems [4]-
[5].

Permanent magnet machines have achieved incredible power
density [4]. However, they require the use of expensive rare-
earth magnets, which are exposed to demagnetization at high
temperatures. Induction machines, e.g. traction motors, are
promising in terms of cost-effective rotor structures and greater
reliability at high temperatures [5]-[11]. The power density of
induction machines can be increased with improved thermal
management of electrical machines [5]. For example, shaft
cooling is an efficient approach that uses oil flowing in the
hollow shaft [11]-[15]. However, this makes the structure of
induction machines more complicated and leaves less space for
physical speed measurement systems [16]. Axial airgap
induction machines [9]-[10] have even shorter axial lengths in

comparison with cylindrical induction machines. A compact
speed sensor is therefore essential for electro-mobility
applications.

Sensorless speed measurement methods for induction
machines have been extensively developed in terms of high
accuracy and applicability for different speed ranges [17]-[18].
Sensorless measurement methods are nondestructive,
contactless and nonphysical, and - unlike physical speed
sensors — they can be installed without needing to overhaul the
machine. However, they are susceptible to electrical faults and
are expensive, due to the complicated hardware required for
signal processing.

Standard optical encoders and resolvers are the most popular
physical sensors for speed measurement [19]-[22]. Optical
encoders have excellent precision, and variable reluctance
resolvers show high reliability in harsh working conditions.
However, these sensors are less reliable when they are exposed
to high levels of mechanical vibration, because of the salient
optical and reluctance components installed on the rotating
shaft. In addition, it is practically impossible to install them on
hollow shafts through which cooling oil flows.

Innovative approaches were used for the position and speed
sensing of rotating shafts in [23]-[30]. A new approach was
presented using linear Hall sensors and optimized bread loaf
permanent magnets installed on the hollow shaft, which showed
high accuracy and high temperature stability [23]. A novel
design of a magnetic rotational sensor was shown in [24] with
an eccentrically mounted permanent magnet ring. The rotating
permanent magnets face balancing problems at high speeds and
vibration operation [23]-[24], which affect the accuracy of
speed sensing. A contactless speed sensor using a rotating
hetropolar permanent magnet cylinder was proposed in [25] for
the linear speed measurement of smooth conductive parts. It
was only tested for large rotating aluminum disk. The risk of
magnet demagnetization and its effect on the accuracy of rotor
position detection were neglected in [23]-[25]. A novel direct
position control for ultra high-speed measurement is proposed
in [26] based on nonintrusive reflective optical sensors, which
were later utilized for the speed measurement of a high speed
switched reluctance machine [27]. It uses black non-reflective
and white reflective marks installed on the rotating shaft. It
suffers the same issues as optical encoders concerning high
sensitivity to dust and vibrations.
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A novel approach using linear Hall sensors installed inside
the stators of the permanent magnet machines was presented in
[28]-[29] to measure the flux density for detection of the rotor
position and speed. The same approach is used in [30] for rotor
position and speed measurement of a switched reluctance
machine. The installation of magnetometers in the stator
exposes the sensor to the overheating caused by the winding
and core losses. The implementation of this approach in
induction machines is more complicated due to the rotor fields.

Utilizing an eddy current is a convenient method for
nondestructive testing and measurement [25], [31]-[32].
Modeling the motional component of the eddy current is
essential for making accurate and rapid measurements in
nondestructive  testing [32]-[33]. The rotational and
translational speeds of conductive moving objects can be
measured by utilizing the motional component of the induced
eddy current. Eddy current sensors with cylindrical
configurations are appealing options for speed measurements of
rotating hollow shafts [16] and [34]-[35]. There are three main
problems with existing designs: 1. low sensitivity, 2.
susceptibility to the variability of the properties of the shaft
material, 3.excessive length, which is incompatible with novel
motors. Each of these three problems is addressed in this paper.

A rotational eddy current speed sensor with perpendicular
coils for solid iron shafts up to £3000 rpm was presented in
[35]. In this paper the optimized design of a similar sensor
intended for a hollow shaft was presented. The new sensor is
shorter and more sensitive than the first version, described in
[35]. The new design of the sensor presented here features two
main innovations: 1. a larger number of excitation coils and
pickup coils, and 2. a nonmagnetic conductive shell. A
conductive shell was already used for solid rods in [34]. The
optimized sensor has a 43.8% shorter axial length than the
sensor described in [16], together with 125% higher sensitivity.
In addition, these parameters are achieved with an only hollow
shaft. Using a thin aluminum shell on the hollow shaft further
improves the sensitivity by 500%-600%. The presented sensor
has a robust and simple structure, which is a critical feature for
high-speed applications with high mechanical vibrations, e.g.
for vehicle traction machinery.

Il. STRUCTURE AND THEORY OF PERFORMANCE

Fig. 1 shows 3D models of an eddy current speed sensor and
hollow shafts. A conductive nonmagnetic shell is used on the
hollow shaft in Fig. 1 b). The sensor has two sets of coils, E and
P, as excitation and pickup coils. Each set comprises four coils.
Each set of coils can be considered as excitation coils or as
pickup coils, according to the reciprocity theorem.

Fig. 2 shows the magnetic flux distribution in the sensor and
the hollow solid iron shaft at zero speed and at nonzero speed
when set of coils E is used as the excitation coils. The magnetic
flux distribution is symmetric in Fig. 2 a) when the speed is
zero. Therefore, the net flux linkage and the induced voltage are
zero in set of coils P as pickup coils. However, the speed of the
rotating shaft generates motional eddy currents in the solid

shaft, which makes the magnetic flux distribution asymmetric
in Fig. 2 b). This causes an induced voltage in the pickup coils
with AC excitation, which is proportional to the speed. The
induced voltage can be used to measure the rotating speed.

{ - )'
Coils

'

a)
Fig. 1. 3D model of eddy current speed sensors for rotating hollow shafts,
a) only iron shaft, b) iron shaft with a shell.

Fig. 2. Magnetic flux distribution in the sensor and the hollow iron shaft, a)
at zero speed, b) at nonzero speed.

Fig. 3. 2D model of eddy current speed sensors, winding connections and
the dimensions, a) only iron shaft with coils A, b) iron shaft and a conductive
shell with coils B

I11. 2D ANALYTICAL MODELING

A 2D computational model of the sensor with winding
directions and dimensions is shown in Fig. 3. It is divided into
several parts for analytical computation, as shown in Fig. 3 a)
and Fig. 3 b). Coils set E is considered for excitation, and coils
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set P is considered for pickup.

h - is the air region inside the hollow shaft,

i - is the iron region of the hollow shaft,

s - is the conductive shell region on the hollow shaft,

g - is the air gap region between the coils and the hollow shaft
in Fig. 3 a), or between the coils and the conductive shell in Fig.
3b),

c - is the excitation coils region, and

a - is the air region beyond the excitation coils E, including the
pickup coils P.

Fig. 3 shows the geometrical parameters of the sensor with
coils A for only hollow shafts and the sensor with coils B for a
hollow shaft with conductive shells. r.j, r,and r, are the inner
radius, the outer radius of the hollow shaft, and the outer radius
of the aluminum shell, respectively. re., e.o, Ip-i @nd re are the
inner radius and the outer radii of the excitation coils, and the
inner and outer radii of the pickup coils, respectively. 6e.i and
..o are the inner and outer angles of the excitation coils, and 6.
i and 6., are the inner and outer angles of the pickup coils.

Six differential partial equations for six regions, in cylindrical
coordinates, versus the z-component of the magnetic vector
potential A; are presented in (1), extracted from the Maxwell
equations [35]-[36]. The number of differential equations is
reduced to five when the sensor with only a hollow shaft and
with no aluminum shell on the shaft, region s, is analyzed.
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(1)

where, g/ and g are the corrected hollow shaft conductivity
and the shell conductivity. n, is the rotational speed in rpm. f is
the frequency. ur and Js are the relative magnetic permeability
and the current density in the excitation coils, respectively. Js
can be written in Fourier series format:

Is= Jsm el (@t=2m6)
) m=+1,+3,..
N,I
]s,m = ]m_n (cos(m@e_i) - Cos(mee—o)) : \/Eﬁ
w,e
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Qe = % . (TQZ_O _ rez—i)

()

where, Ne and I are the number of turns per excitation coil and
the rms value of the excitation coil current. Parameter m is the
harmonic order in the Fourier series.

The 3™ dimension or the transverse edge effect is considered
with correction of the iron shaft conductivity i and aluminum
shell conductivity a,, using coefficients Ke.i and Ke.s [37]:
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. tanh (8%
T e (45)
K =1— , tanh (B %)
B> (1 + tanh (,8 %) tanh (ﬂ Ls E Lc))
g = T L= 21T,
S T4

3)

where L is the axial length of the conductive shell on the shaft
and L. is the axial length of the straight part of the coil, as shown
in Fig. 1.

The method of separation of variables using Fourier series in
cylindrical coordinates is used to solve the differential equation
in (1). Equations (4), (5), (6), (7), (8) and (9) are the solutions
corresponding to regions h, i, s, g, ¢ and a, respectively.
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Parameters C, are constants that are obtained using the
boundary conditions in (10) between computational regions. B,
and Hy are the radial component of the magnetic flux density
and the azimuthal component of the magnetic field strength,
respectively.

Boa(r=0)=0
Br,h(r = rc—o) = Br,i(r = rc—o)
HG,h(r = rc—o) = HG,i(r = rc—o)
Br,i(r = rc—o) = Br,s(r = rc—o)
HG,i(r = rc—o) = HG,s(r = rc—o)
Br,s(r = rc—o) = Br,g (T‘ = rc—o)
H@,S(T = rc—o) = Ha,g(r = rc—o)
Br,g(r =Teo) = Br,c(r =Teso)
HB,g(r = rc—o) = H@,C(r = Tc—o)
Br,c(r = rc—o) = Br,a(r = rc—o)
HH,c(r =T.0) = HB,a(r = Teeo)
Br,a(r =) =0
(10)

The induced voltage in the four pickup coils U, is calculated
in (11) using the time derivative of the total flux linkage of the
pickup coils ¥,. The line integral is performed on the axial
length of the pick up coils in the z-direction [16] and [36]. A},
and Az, are the average of the magnetic potential over the
cross-section area of each coil side when considering the
winding direction to outside-of-plane (+) and inside-plane (-),
respectively.

dy,
U, = L= —jw41v,,j£ A, qdl

dt
= — jwaL.Ny(A}, — Az,)
(11)
Equation (12) for U, is obtained by performing the integration
in (11) using the parameters in (13) and (14). Parameter N, is

the number of turns in each pickup coil.
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TABLE
EDDY CURRENT SPEED SENSOR PARAMETERS — WITH COILS A AND B
Parameters Parameters
o 15 mm Oc.i 76.0 deg.
Gi= o -l 2.0,5.0mm I'p-o 22.2mm
ra 16 mm Coils A | r,; 19.2 mm
Ne 90 Op-o 88.0 deg.
N, 100 Op-i 78.0 deg.
L. 22 mm leo 19.7 mm
Ls 50 mm le.i 17.2 mm
L 100 Oeo 87.7 deg.
i 5.76 MS/m Oc-i 74.0 deg.
o 21.3 MS/m CoilsB [, | 22.2mm
leo 19.2 mm Ip-i 19.7 mm
Coils A lei 16.2 mm Op-o 88.0 deg.
Oeo 87.6 deg. Op-i 75.8 deg.

Table | presents the values of the sensor parameters with coils
A for only hollow shafts and with coils B for hollow shafts with
a conductive aluminum shell. Two hollow iron shafts are used,
with thicknesses of ti = 2 mm and 5 mm. An aluminum shell
with thickness of t, = 1 mm is used. Linear magnetic modeling
with a constant ur < 150 is considered for the calculation,
because the sensor is operated at low fields, and the effects of
the magnetic nonlinearity and hysteresis of solid iron can be
neglected.

Fig. 4 presents the analytical calculation results of the
absolute value (Abs.) of flux linkage ¥, and induced voltage U,
to current ratio versus frequency up to 1200 Hz at 3000 rpm.
The flux linkage decreases with frequency. The voltage
increases with frequency, as it is proportional to the flux linkage
multiplied by the frequency. The results with an aluminum shell
(Al) are higher due to the higher reaction fields of the induced
motional eddy current. This is caused by high conductivity of
aluminum shell.

The absolute value of the voltage-to-current ratio Uy/le versus
the hollow shaft thickness t; is shown in Fig. 5. This shows that
the induced voltage is less dependent on t; for higher
frequencies due to the smaller skin depth. It is also less
dependent on t; with an aluminum shell, which performs as a
shield.

Fig. 6 and Fig. 7 present the U/l ratio versus the electrical and
magnetic properties (ur and ;) of a hollow shaft. U/l ratios with
a 100% increase of . from 75 to 150 are shown in Fig. 6 a) for
only hollow shafts, and in Fig. 6 b) for hollow shafts with an
aluminum shell. The susceptibility of induced voltage to . is less
with an aluminum shell. The same phenomena are valid using an
aluminum shell when the U/le ratio is presented versus the
conductivity o; of the hollow shafts.

The use of an aluminum shell helps to enhance the sensitivity
about 7 to 8 times, and to decrease the susceptibility of the sensor
to the material properties of a hollow solid iron shaft.
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Fig. 4. 2D analytical calculations - a) absolute value (Abs.) of the flux linkage
to current ratio versus frequency, b) absolute value of the voltage-to-current
ratio versus frequency for hollow shaft thickness t; = 2 mm and 5 mm with and
without an aluminum shell (Al.) — 3000 rpm
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Fig. 5. 2D analytical calculations - absolute value (Abs.) of the voltage-to-
current ratio versus the hollow shaft thickness, t;, a) only iron shaft, b) iron shaft
with an aluminum shell — 3000 rpm
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4
Fig. 8. The experimental setup: 1-sensor, 2- rotation shaft, 3- DC motor as
prime mover and 4- GMR sensor

I1l. EXPERIMENTS

Fig. 8 shows the experimental setup for the speed measurements
of the rotating hollow iron shafts. The hollow shafts are rotated
using a controlled DC motor as a prime mover. The measured
speed is £3000 rpm. A TLE5012 absolute angle sensor from
Infineon Technologies, based on a giant magnetoresistive (GMR)
effect, is used to measure the reference speed [35] shown in Fig. 8.
A resolution of 0.01° is achievable using a GMR sensor with a
maximum 1.0° angle error. It utilizes the magnetic field of a
permanent magnet, which is mounted on the non-drive end shaft
of the prime mover. The measurements are performed at two
sensor excitation frequencies of 400 Hz and 1200 Hz.

The excitation coils are connected in series, with a total
resistance of 23 Q, and are supplied by a signal generator with
an internal resistance of 50 Q. Additionally, an external
resistance of 5.5 Q in series with the excitation coils is used to
measure the current of the excitation coils. The series-
connected pickup coils are connected to a lock-in amplifier,
Stanford Research System, model SR830 DSP. The lock-in
amplifier is used for the measurements of the real U, and
imaginary Ui components of the induced voltages of the pick-
up coils, when the current of the excitation coils is considered
as a reference signal. The real component of the voltage is in-
phase with the excitation coil current, and the imaginary
component of the voltage is out-of-phase with the excitation
coil current.

Table Il presents the rms values of the measured currents at
400 Hz and 1200 Hz for a solid iron hollow shaft with and
without the aluminum shell.

TABLE I
CURRENT OF EXCITATION COILS — RMS VALUE
Material 400 Hz 1200 Hz
Iron, 2 mm 89.9 mA 87.9 mA
Iron, 5 mm 89.9 mA 87.8 mA
Iron, 2 mm + Al 88.8 mA 85.5 mA
Iron, 5 mm + Al 88.8 mA 85.5 mA

A. Results

The measured real and imaginary components of the sensor
voltage-to-current ratio Ud/le and Ui/l versus speed are
presented in Fig. 9 and Fig. 10. High linearity of sensor voltage
versus speed can be observed. The difference between the
sensor voltages for hollow shaft thickness (ti =2 mm and t; =
5 mm) decreases when an aluminum shell with thickness of t,
=1 mm is used. In our case, the main reason for the difference
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between the measured voltages for only hollow shafts with tj =
2 mm and t; =5 mm is the different .. The magnetic properties
of soft solid iron are highly dependent on the manufacturing
process. The effect of the u, of the solid iron shaft on the sensor
performance can be compensated by using conductive
nonmagnetic shells, for example, aluminum, brass, and copper.

The sensitivities K;, Ki and K, are calculated using (15), and
are presented in Tables Ill and 1VV. They are calculated using
linear curve fitting functions U, Ui and Ua. to the
corresponding real, imaginary, and absolute values of the
voltages. Kaincreases 5.5 to 7 times when an aluminum shell is
used. A second advantage of the non-magnetic shell is almost
zero dependence on the thickness of the hollow shaft and u, for
example at 1200 Hz.

Upe =K Ie'ny , Ui =K; "I, 1,

Upee =Ko Iy, U = ’UTg—C + Uiz—c

(15)
TABLE Il
SENSITIVITY OF THE SENSOR — REAL AND IMAGINARY VALUES
Kr, #V/(A-rpm) Ki, #V/(A-rpm)
400 Hz 1200Hz  400Hz 1200 Hz
Iron, 2 mm 6.3 9.0 6.0 8.8
Iron, 5 mm 5.8 9.6 5.7 9.2
Iron, 2 mm + Al 44.3 74.0 35.4 -14.7
Iron, 5 mm + Al 44.0 73.9 35.5 -15.2
TABLE IV
SENSITIVITY OF THE SENSOR — ABSOLUTE VALUE
Ka, Iron, 2 mm Iron, 5 mm Iron, 2 mm Iron, 5 mm
4 V/(A-rpm) +Al +Al
400 Hz 8.67 8.16 56.72 56.55
1200 Hz 12.58 13.31 75.45 75.45

The resolution of the eddy current speed sensor depends on
the signal processing unit for the sensor voltage. The resolution
of 0.25 rpm is achievable for the results in Fig. 9 and Fig. 10
which were measured using SR830 DSP lock-in based on 16-
bit Analog-to Digital Converter

B. Nonlinearity Error Analysis

The linearity of the eddy current sensor is evaluated using
(16):

Ur—Ur_¢
E.(%) = ————< % 100
r(%) U, (£3000 rpm)
U,
E;(%) . 100

= X
U;(£3000 rpm)
(16)

The calculated nonlinearity errors are shown in Fig. 11 and
Fig. 12 for real (Re) and imaginary (Im) components of the
voltage with maximum values below 1.0%. However, the error
can be as low as 0.1%, as shown for the real component of the
voltage in Fig. 11 b) at 400 Hz and Fig. 12 b) at 1200 Hz.
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Fig. 9. Measured real (Re) and imaginary (Im) components of the voltage-to-

current ratio versus speed up to £3000 rpm for an only iron shaft, a) for hollow

shaft thickness t; = 5 mm, b) t; = 2 mm and for excitation frequency of 400 Hz

and 1200 Hz
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Fig. 10. Measured real (Re) and imaginary (Im) components of the voltage-to-
an current ratio versus speed up to £3000 rpm for an iron shaft with an
aluminum shell (Al), a) for hollow shaft thickness ti =5 mm, b) t; = 2 mm — 400
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Fig. 11. Calculated nonlinearity error for real (Re) and imaginary (Im)

components of the measured voltage-to-current ratio versus speed up to £3000

rpm for an only iron shaft, a) for hollow shaft thickness t; = 5 mm, b) for t; = 2
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Fig. 12. Calculated nonlinearity error for real (Re) and imaginary (Im)

components of the measured voltage-to-current ratio versus speed up to +3000

rpm for an iron shaft with an aluminum shell, a) for hollow shaft thickness t; =

5 mm, b) for t; = 2 mm — 400 Hz and 1200 Hz
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Fig. 14. Eddy current distribution on the rotating shaft using 3D FEM for an
iron shaft with aluminum shell, t; =5 mm — v2 I, = 15 mA, 3000 rpm, 400 Hz,
4 =100 and o; = 5.76 MS/m

1V. A COMPARISON OF THE EXPERIMENTAL RESULTS AND
BETWEEN 3D FEM AND THE 2D ANALYTICAL METHODS

3D time stepping FEM is used for precise analysis of the
speed sensor, taking directly into account 3D eddy current
distribution and shaft rotational speed using ANSYS/Maxwell
software. Fig. 13 and Fig. 14 show eddy current distribution at
400 Hz and 3000 rpm for an iron shaft only and an iron shaft
with an aluminum shell, respectively. The eddy currents are
stronger in the sensor with the shell because of the higher
aluminum conductivity. Only half of the model in the axial
direction is considered in the 3D FEM simulation because of
the symmetry condition.

Table V presents a comparison between the experimental
results with 3D time stepping FEM and 2D analytical method
calculations at 400 Hz. The results in Table V and VI for only
hollow shafts show that decreasing urand increasing i raise the
sensitivity. The comparison between the 3D FEM results and
the experimental results in Table V for a hollow shaft with an
aluminum shell presents an excellent match for different u..
This shows the high accuracy of 3D FEM. 3D FEM can
therefore be used for further design optimization of the eddy
current speed sensor.

TABLEV
COMPARISON BETWEEN 3D FEM, THE 2D ANALYTICAL METHOD AND
EXPERIMENTAL RESULTS FOR EVALUATING THE PERMEABILITY EFFECT— THE
ABSOLUTE VOLTAGE-TO-CURRENT RATIO

3000 rpm, 400 Hz 3D FEM 2D Ana. EXp.
Iron,t=2.0mm | x=75 29 mV/A 27 mV/IA
4=100 26 mV/A 25 mV/IA 26.0
0i=5.76 MS/Im | =150 20 mV/A 21 mVI/A mV/A
Iron, t=5.0mm | x=75 22 mV/A 24 mV/IA
4#4=100 19 mV/IA 21 mV/IA 24.5
0i =576 MS/Im | 4,=150 16 mV/A 18 mV/A mV/A
Iron,t=2.0mm | u=75 170mV/A 161 mV/A
+Al 14,=100 169 mV/A 161 mV/A 170.2m
0i =576 MS/Im | 4,=150 168mV/A 159 mV/A VIA
Iron, t=5.0mm | x=75 168mV/A 154 mV/A
+Al 14,=100 170mV/A 155 mV/A 169.7
0i =576 MS/Im | ;=150 171ImV/A 156 mV/A mV/A
TABLE VI

COMPARISON BETWEEN 3D FEM, THE2D ANALYTICAL METHOD EVALUATING
THE CONDUCTIVITY EFFECT — THE ABSOLUTE VOLTAGE-TO-CURRENT RATIO

3000 rpm, 400 Hz 3D FEM 2D Ana.

Iron, t=2.0 mm 0i = 5.0 MS/m 25 mV/A 23 mV/A
14=100 0i =5.76 MS/m 26 mV/A 25 mV/A

0i = 6.5 MS/m 27 mV/A 27 mV/A

Iron, t=5.0 mm 0; = 5.0 MS/m 18 mV/A 20 mV/A
4=100 0i =5.76 MS/m 19 mV/A 21 mV/A

0i = 6.5 MS/m 20 mV/A 22 mV/A
Iron, t=2.0 mm 0i =5.0 MS/m 171 mVIA 161 mV/A
+ Al 0i =5.76 MS/m 169 mV/A 161 mV/A
=100 0i = 6.5 MS/m 167 mV/A 160 mV/A
Iron, t=5.0 mm 0i = 5.0 MS/m 171 mV/A 155 mV/A
+ Al 0i =5.76 MS/m 170 mV/A 155 mV/A
4#4=100 oi = 6.5 MS/m 169 mV/A 154 mV/A

The 2D analytical method also provides appropriate accuracy
in comparison with 3D FEM and in comparison with the
experimental results in Tables V and VI and in Fig. 15 and Fig.


https://doi.org/10.1016/j.measurement.2023.113547

Final version of this paper was published at

Measurement 221, 113547, 2023 https://doi.org/10.1016/j.measurement.2023.113547

16. The 2D analytical method is much faster, more cost-
effective and easier to use than 3D time stepping FEM using
commercial software.

V. OPERATIONS AT HIGH SPEEDS

The performance of the sensor is simulated up to +£30000 rpm
using the 2D analytical method in order to evaluate the
operation of the sensor in a higher speed range. The excitation
frequencies are chosen at 4 kHz and 12 kHz to obtain high
linearity for high speed ranges, as shown in Fig. 17. The
calculated sensitivities corresponding to the absolute voltage
value are presented in Table VII. The thickness of the aluminum
shell is reduced to t, = 0.2 mm in Fig. 17 b) to reduce the skin
effect at higher excitation frequencies. The sensitivity is lower
at 12 kHz for hollow shafts with an aluminum shell in
comparison with the sensitivity at 4 kHz, due to the skin effect
in the aluminum shell.
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Fig. 15. Comparison between the absolute value of the experimental measured
(Exp.) and the 2D analytical calculated (Ana.) voltage-to-current ratio versus
speed up to 3000 rpm for an only iron shaft, a) for a hollow shaft, thickness t;
=5mm, b) ti =2 mm — 400 Hz and 1200 Hz, u, = 75
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Fig. 16. Comparison between the absolute value of the experimental measured
(Exp.) and the 2D analytical calculated (Ana.) voltage-to-current ratio versus
speed up to £3000 rpm for an iron shaft with an aluminum shell, for a hollow
shaft thickness a) t; =5 mm, b) t; = 2 mm — 400 Hz and 1200 Hz, x4, =75

1
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Fig. 17. 2D analytical calculations - absolute value (Abs.) of the voltage-to-
current ratio versus speed up to £30000 rpm for a hollow shaft, thickness t; = 2
mm and 5 mm, a) an only iron shaft, b) an iron shaft with an aluminum shell —
e =75and g; =5.76 MS/m

TABLE VII
SENSITIVITY OF THE SENSOR — ABSOLUTE VALUE (2D ANALYTICAL)
Ka, Iron, 2 mm Iron, 5 mm Iron, 2 mm Iron, 5 mm
4 V/(A-rpm) + Al + Al
f=4 kHz 18.84 18.84 59.90 59.87
=12 kHz 24.24 24.24 48.73 48.73

The eddy current and inductive sensors using only excitation
and pickup coils have the advantages of a simple, small and
robust structure [38]-[39] for the rotating speed measurements.

V1. TOPOLOGICAL OPTIMIZATION OF THE SPEED SENSOR

The parameters for the inner and outer angles of the coils, 6.
iy Geo, Opi, and Gy, are calculated to obtain the required
sensitivity of the eddy current speed sensor. Their calculations
are performed with consideration of the space constraints and
manufacturing complexity to accommodate the excitation and
pickup coils. A modified model of an eddy current speed sensor
is proposed with thinner coils with the dimensions mentioned
in Table VIII. Fig. 18 shows the original and modified models
of eddy current speed sensors. The coils dimensions are
changed to half radial thickness and the same cross sectional
area in comparison with the original model. The results of the
original model and the modified model of the eddy current
speed sensor are compared in Fig. 19. It is shown that the
sensitivity increases by 28.8% for an only iron shaft and by
20.7% for an iron shaft with an aluminum shell. This is caused
by thinner coils and a shorter distance between coils centers and
the rotating shaft. Therefore, the pickup coils in the modified
model have higher flux linkages and induced voltages.

However, the manufacturing of thinner coils is more
cumbersome.
TABLE VIII
MOoDIFIED EDDY CURRENT SPEED SENSOR PARAMETERS — WITH COILS A AND
B
Parameters Parameters
leo 17.7. mm leo 18.45 mm
le.i 16.2 mm le.i 17.2 mm
Oeo 87.6 deg. [ 87.7 deg.
Oc-i 63.4 deg. Oci | 59.40 deg.
Coils A Moo 19.2 mm Coils B Foo 19.7 mm
Ip-i 17.7mm lp-i 18.45 mm
Op-o 88.0 deg. Op-o 88.0 deg.
Op-i 65.6 deg. Op-i 61.1 deg.
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Fig. 18. Magnetic flux distribution, a) original model with dimensions
mentioned in Table I, b) modified model to optimize the sensor performance
with dimensions mentioned in Table VI11
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The conductivity, oa and thickness, ta of the nonmagnetic
shell have a high influence on the sensitivity of the eddy current
speed sensor, as shown at 1200 Hz in Fig. 20 a) and 12000 Hz
in Fig. 20 b). The materials of copper, oa = 58 MS/m,
aluminum, oa = 33.0 and 21.3 MS/m, brass, oa = 15 MS/m and
stainless steel, oo = 1.0 MS/m are considered for the
simulations. The sensitivity is maximum for a thinner shell with
higher conductivity at higher frequencies due to the bigger flux
penetration. It is the opposite for stainless steel, as it has much
lower conductivity. Using thin aluminum or copper tapes is
feasible for thin shells. For example, copper tape with a
thickness of 70 um was used in the rotational eddy current
speed sensor [34]. Copper or aluminum electroplating is also
feasible when a thin shell thickness is required at high
frequencies for high speed operation.

VII. DYNAMIC ANALYSIS

Dynamic modeling of an eddy current speed sensor is
evaluated using 2D time stepping FEM. Eccentricity, run-out,
and acceleration effects on the eddy current speed sensor
performance are considered. Run-out, shaft gesture, and
eccentricities occur when a mechanical inaccuracy exists in the
rotating machines. This causes the rotating part to not align with
the main axis of the rotating machine. Static and dynamic
eccentricities are caused by mechanical manufacturing errors.
The eccentricity is modeled as shown in Fig. 21 using 2D time
stepping FEM analysis. For example, a 0.6 mm eccentricity is
applied, which is 50% of the mechanical gap between coils and
the rotating part, gm = 1.2 mm. It merely shows 0.38% deviation
for an only iron shaft and about 0.1% deviation for an iron shaft
with an aluminum shell at 1200 Hz and 3000 rpm. Therefore,
run-out and eccentricity effects on the accuracy of an eddy
current speed sensor can be neglected for a change of up to 50
% in the gap between coils and the rotating part.

| |

’ (]

Fig. 21. The model of eccentricity in the eddy current speed sensor

A speed step from 1500 rpm to 3000 rpm with a time rise
0.125 ms is applied, as shown in Fig. 22 a). The voltage to
current ratio is calculated using 2D FEM in Fig. 22 b) for a
hollow shaft with an aluminum shell. It shows steady state
results after only 1 ms; therefore, speed measurement with a
high acceleration rate can be achieved using the proposed speed
sensor. High excitation frequencies are preferred for a high
acceleration rate.
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Fig. 22. 2D FEM calculations — solid iron hollow shaft, thickness t;= 5 mm
with aluminum shell, a) speed step, b) the voltage-to-current ratio versus time
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VIII. DISCUSSIONS

The performance of the sensor was measured with an
aluminum shell and also evaluated using different materials,
copper, aluminum, brass, and nonmagnetic stainless steel. A
nonmagnetic shell installed on the hollow shaft significantly
enhances the sensor output voltage. It was shown that using a
thinner shell is achievable. It is critical for the speed sensors in
very high speed operation with high excitation frequencies.

The shorter length of the proposed eddy current speed sensor
in comparison with the presented sensors in [16] and [34]-[35]
helps to accommodate the sensor in compact machines with
limited axial space. For example, high power density traction
induction machines with shaft oil cooling in Fig. 23 have
limited available room in the end regions. Increasing the
number of coils helps to decrease the axial length of the sensor
while maintaining high sensitivity. Increasing the number of
coils to 4 generates a 4-pole machine as shown in Fig. 2 and
Fig. 18 in comparison with 2-pole structure sensors in [16] and
[35]. The advantages of the rotational eddy current speed sensor
with a higher number of poles, similar to the electrical
machines, are: 1- shorter end coils, 2- less flux per pole and coil,
3- shorter axial length for nonmagnetic shell. Less flux per pole
causes less flux distribution in the air region beyond the coils.
It helps to design a more compact magnetic shield in the radial
direction to protect the speed sensor against external magnetic
and conductive objects and magnetic fields.

The proposed eddy current speed sensor in this paper has four
pickup coils in comparison with two pickup coils in [16] and
[35]. The induced voltage in each pickup coil is the same.
Therefore, each pickup coil can be electrically and physically
isolated and separately used for voltage reading. This helps the
sensor have a higher electrical fault tolerance capability in the
pickup coils in comparison with the two pickup coils sensors in
[16] and [35]. This is critical for traction applications with a
high probability of overheating and mechanical vibrations,
which may cause electrical faults.

The temperature of the shaft affects the properties of the solid
shaft, the shell and thus the sensor performance. The
conductivity and relative magnetic permeability of solid iron
shafts and the conductivity of nonmagnetic shells change with
temperature [40]. Fig. 6 and Fig. 7 present the sensor voltage
versus conductivity and relative magnetic permeability of solid
iron hollow shafts. Using a nonmagnetic shell minimizes
electrical properties of the solid iron hollow shaft on the sensor
voltage, as shown in Fig. 6 and Fig. 7. The effect of shell
conductivity on the sensor voltage is shown in Fig. 20. The
advantage of the direct oil cooling of the rotor using a hollow
shaft is that the oil inlet temperature in Fig. 23 is controllable
and known. This helps to detect shaft temperature for direct
recalibration of the eddy current speed sensor for shaft
temperature. Eddy current nondestructive evaluation methods
could also be used for shaft temperature compensation. The
electrical properties of a solid iron hollow shaft and a
nonmagnetic conductive shell can be estimated using the eddy
current testing method [41]-[44] from measured inductances of
the excitation and pickup coils.

The required accuracy for the rotating speed measurement of
the rotating machines depends on the traction system. The

traction system could be direct drive in-wheel or indirect drive
with a gearbox. An accuracy of around 0.4 m/s is approximately
considered when using wheel encoders [45]. Therefore, an
accuracy of 5-10 rpm is required for in-wheel low speed
electrical machines with a maximum speed 1500 rpm. It can be
mentioned that the accuracy of 67-133 rpm is calculated for
indirect high speed electrical machines with a maximum speed
of 20000 rpm. Therefore, the proposed eddy current speed
sensor with 0.25 rpm resolution is suitable for electrical and
hybrid vehicle applications.

Stator ‘
|
ensm
D ~
Oil inlet (| I Rotor I il outlet

Fig. 23. The schematic model of eddy current speed sensor installed on the
hollow shaft in the end region of an electrical machine

IX. CONCLUSION

An optimum design of an eddy current speed sensor with a
short axial length and high sensitivity has been presented. The
performance of the sensor has been evaluated in different speed
ranges. The calculated nonlinearity errors are always below 1%,
with a minimum value of 0.08%.

An aluminum shell provides excellent sensitivity
enhancement and minimizes the susceptibility of the sensor to
the material properties and the thickness of a hollow iron shaft
at higher frequencies.

The presented speed sensor has a simple, contactless and
robust structure. The sensor is suitable for rotational speed
measurements in different speed ranges, which is critical for
traction induction machines in the electro-mobility industry.
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