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Abstract—This paper presentsa positionsensor based on a
novel configuration of linear variable differential transformer.
Design and optimization of the positionsensor are presented
using finite element method. The sensor has short air core coi Is
andlong magneticarmatures. The arrangement direction of the
rectangular excitation coil and two antiserially connected
rectangular pick up coils is perpendicular to the motion
direction of the positionsensor. The coilsare located between
two parallelsilicon steel laminations as the armatures. The
position sensor is optimized with compromise between
minimization of nonlinearityerror and maximum se nsitivity.
The main advantage of the proposed position sensor isthe small
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ratio of coilsdimensions to the working range. The position sensor isoperated for the measurements and calculationsatexcitation
frequencies, 500Hz and 1000Hz and 2000Hz. The maximum nonlinearityerrorisless than 1.5%for theoretical analysisand it is
less than 2%for the measurement results in+90 mm position range.

Index Terms—~Position sensor, linear variable differential transformer, design and optimization, finite element method

. INTRODUCTION

HE positionsensing and positionsensors have akey role

in various industrial applications and machineries with
translational and rotational moving components [ 1]-[8]. The
types of conventional position sensors are potentiometric,
linear variable differential transformer (LVDT), optical,
magnetostrictive, and magnetometer based, for example,
magnetic Hall sensor.

Potentiometric position sensors have high accuracy,
economical and simple signal processing[9]-[10]. However,
they are sensitive to the wear, dust, andtemperature. LVDT
positionsensors have highaccuracy with lowersensitivity to
the working environment [1] and [11]-[15]. They could be
quite expensive and bulky because of the coils. Optical
positions sensors are inflexible, sensitive to the dust and
temperature despite their high accuracy and excellent
resolution. Magnetometer based position sensors are sensitive
to the magnetic objects and electricalnoises, which affect their
accuracy in position sensing [2] and [7]. Magnetostrictive
positionsensors [ 16] with high accuracy forlong distance are
sensitive to environment temperature, not costeffective and
with less accuracy forshort distance operation.
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Position sensor based on variable inductance orimpedance
were presented in [17]-[19], which has bulky winding and
heavy weight for long length measurements. Positionsensors
using magnetically coupled coils and short-circuited moving
coil and air coil structure were designed and measured in [20] -
[21]. However, these sensors suffer fromlow sensor output
sensitivity and low immunity to the external adjacent magnetic
objects. A variable reluctance differential solenoid transducer
for positionsensing was validated for high precision in [22],
which is only shown for short lengths and it could be very
bulky and heavy forlarge distance measuring. A permanent
magnet linearresolver was used for position sensing for long
distance in [23]. However, it needs salientsecondary magnetic
part with high precision punched or machine tooled and
NdFeBpermanent magnets with less appropriateness for harsh
environments. Authors developedand presentedlong length
position sensor for 500 mm working for pneumatic and
hydraulic cylinders applications with small size coils and a
conicalsolid iron rod [24].

A novel configuration of LVDT is utilized for position
sensing in this paper with short coils andlongarmatures for
long distance position measurements. The sensor can detect
positive and negative movements as conventional LVDTs.
The goalis to designa position sensor with highest simplicity
for its structure and performance and to be cost effective.
Armatures are only two silicon steel laminations with 0.5 mm
thickness, which have been angularly shifted to the coils
plane. Unlike the conventional LVDT sensor, the sizes of
excitation and pickup coils are unchangedin this sensor to
measure longer distance positions. 2D and 3D finite element
method (FEM) is used for the performance analysis and
design. Theposition sensoris designed and optimized to have
high outputsensitivity and low nonlinearity error.
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II. BAsic STuby AND STRUCTURE

Fig. 1 shows schematic 2D model of the position sensor,
which consists of two armatures, one excitationcoil and two
antiserially connected pickup coils. The two armatures are in
parallel and they are angularly shifted with angle, frelative to
the coils in the horizontal plane (Fig. 1). Fig. 2 depicts
schematic magnetic flux distributions at different relative
positions ofthe coils and the armatures.

Equation (1) presents relationship between differential
voltage, Usand eachpickup voltage, U; and Us.

U =-jo ¥
U,=-jo %, @)
w=2rx-f

Where, the differential flux linkage, ¥s is ¥,-¥1, which ¥, and
¥, are flux linkage of pick up coils. fis the excitation
frequency.

Theupperand lower pick up coils have same flux linkage
(¥, = ¥1) when they are located in the center position of
armatures and their differential voltageis zero. However, the
differential voltage value becomes negative or positive when
the relative positions ofthe coils to thearmatures are moved to
the left or right directions. Because the flux linkages in pick
up coilare different (¥2# %) as distance between them and
armatures are not thesame as shownin Fig. 2.

3D modeland dimensions ofthe position sensor are shown
in Fig. 3. The number of turns in all coils is 500. The
longitudinal length ofarmatures is 300 mm. The mean width,
wm and height, 4 ofeach coilare 11.6 mm and 5 mm as shown
in Fig. 3. The position sensor performance is studied and
measured at excitation frequencies, S00 Hz, 1000 Hz and 2000
Hz with corresponding measured currentamplitudes, /i, 84.7
mA, 83.0 mA and 79.4 mA, respectively.

. FEM STuDY

2D and 3D time harmonic FEM [25] are used forthe steady
state performance analysis of the position sensor. The
magnetic flux density is very low in the steel lamination of
armatures as shown Fig. 4. Therefore, linear magnetic
simulations are performed. And initial relative magnetic
permeability, 4. = 1000 for the steel lamination is estimated
and considered for the FEM analysis [13] and [26]. The
conductivity of steel lamination was measured, which is o =
3.14 MS/m. The induced eddy current in the steel laminations
is considered (Fig. 5) in the FEM analysis.

The following differential equations extracted from
Maxwell equations are used in time harmonic magnetic field
analysis:

VxH=1J
VeB=0—>B=VxA @)
VxJ=—jowoc-B

where, H, J, B, and A are magnetic field strength, current
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density, magnetic flux density, and magnetic vector potential,
respectively. Magnetic vector potential has only oneunknown
component, A,in 2D analysis. But it has three unknowns, 4x,
Ay and A4,. Therefore, 3D analysis is more time consuming and
it needs more memory.

Pick up coil =>
Excitation coll=>
Pick up coil =>

o—“|||.

3
Voltage source

Armatures

Demodulator
Fig. 1. Schematic model of position sensor using two parallel
armatureswith LVDT configuration and sensor measurement system
using a lock in amplifier

Fig. 2. Schematic magnetic flux distributionin the sensor at different
relative positionsof the coilsrelativeto the armatures

Armature|

05 mmy #30mm
t 4

30 mm

Fig. 3. 3D model of the positionsensor and itsdimensions
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Fig. 4. Magnetic flux distribution at zero position, In=83mAand g =1
deg.,andd=0mm - 2D FEM

Fig. 5. 3D FEM meshed model of position sensorand induced eddy
currentin conductive silicon steel laminationwith 0.5 mm thickness
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Fig. 6. The voltages of each pick up coils (U, and U,) and their
differential voltage (U,-U;) at 1000 Hz, I, =83 mAand §=1.0 deg. —
2D FEM vs 3D FEM
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Fig. 7. The differential voltages normalized by frequency versus
frequency, I = 83 mA, 8 =1 deg., and d= 60 mm — 2D FEM vs 3D
FEM
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The FEM analyses ofthe position sensor are performed in
+100 mm range. Fig. 6 shows the voltages of each pickup coil
and their differential voltage versus position with =1 deg.
Real and imaginary components of voltages are calculated
relative to the current of the excitation coil as a reference
signal. Real component of voltageis caused by induced eddy
currents in the conductive steel lamination of armatures. 3D
FEM results shows less value in comparison with 2D FEM
because of 3" dimension effects (transverse effects), which is
not considered in the 2D FEM. The model depth in transverse
direction is considered 11.6 mm in 2D FEM, which is equalto
the mean width ofcoil, w. in Fig. 3. The differential voltages
show linear curve versus positions in Fig. 6, which could be
utilized as a positionindicator.

The differential voltage to frequency ratio is depicted in
Fig. 7 up to 10 kHz with =1 deg., which is equivalent to
differential flux linkage, ¥>-¥: in (1). It shows that the
imaginary componentofvoltage is considerable higher than
real component of voltage similar to the results in Fig. 6. The
voltage to frequency ratio is decreasing with increasing
frequency because of skin effects in the conductive steel
laminations. Using nonconductive ferromagnetic armatures,
for example, Ferrite will cancel frequency dependency of
voltage to frequency ratio and diminish real component of
voltage.

Absolute value of voltage, Ua can be also utilized for
position sensing as both real, Ur and imaginary, Ui
components are linear curve versus position.

U, = U2 +U? ©)

Absolute value of voltage is almost as imaginary
component of voltage as real component voltage is much
smaller especially at operating frequency, 1000 Hz.

The differential voltages and nonlinearity fullscale errors
for different armatures shifting angles, fare presented in Fig.
8. The differential voltage is higher forbiggershiftingangles,
p. However, maximum nonlinearity full scale error is also
increasing with bigger f. The calculated imaginary component
of differential voltage has lower nonlinearity error, which
makes it more suitable for position indicating at f=0.5 deg.
and 1.0 deg.
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Fig. 8. The differential voltage and nonlinearity error at 1000 Hz, and I,
= 83 mA versus armaturesangles, 8
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Fig. 9. The differential voltage and nonlinearity error at 8 =1.0 deg.,
and I, = 83 mA versus gap between excitation coil and pickup coils, gc

Increasing gap distance between excitation coiland pickup
coils, g. increasing differential voltage with expense of
increasing maximum nonlinearity fullscale erroras shown in
Fig. 9. Selecting gap distance, gc = 1.9 mm and armatures
shifting angles, f=1.0 deg. is compromise between maximum
differential voltage and minimizing of maximum nonlinearity
full scale error.

Table I shows sensitivity coefficients, Kr and K ofrealand
imaginary components ofthe differential voltage for different
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relative magnetic permeability, i of silicon steel lamination of
armatures. They are calculated based on linear curvefitting:
U, =K X )
U, =K, X

where, X is relative position ofthe coils and the armatures.
Increasing or decreasing relative magnetic permeability, .
about 25% causes about 10% change in real component
sensitivity, Kr and only 0.6% to 0.7% in imaginary component
sensitivity, K.

TABLE |
SENSITIVITY FACTORS FOR DIFFERENT PERMEABILITY — 3D FEM
e Kgr (MV/mm) Ki (mV/mm)
750 0.005654 (109.7%) 0.1348 (99.3%)
1000 0.005154 (100.0%) 0.1358 (100.0%)
1250 0.004623 (89.7%) 0.1366 (100.6)

IV. EXPERIMENTAL RESULTS

The positionsensors and experimental elements are shown
in Fig. 10 and Fig. 11. Lock in amplifier is used for the
voltage measurements ofantiserially pickup coils. A signal
generator with internal resistance 50 Q is connected in series
with excitation coil as source voltage. Also, an external 5.85 Q
resistanceis connected in series with excitation coiland signal
generator. It is utilized to measure the current ofthe excitation
coil as a reference signal for the lock in amplifier, which real
and imaginary components of pick coil voltage are finally
measured relative to the reference signal. The schematic
model of voltage measurement using lock in amplifier is also
illustrated in Fig. 1. The reference positionsensorin Fig. 11 is
a potentiometer type.

Firstly, measured inductances of excitation coil and
antiserially connected pick up coils and 3D time harmonic
FEM calculations were evaluated with and without silicon
steel laminations of armatures for the initial assessment of
modeling. The results are presented in Table [l and Table Il at
500 Hz, 1000 Hz and 2000 Hz. The 3D FEM results match
better with measurements for pickup coils inductances, Lpk,
however, they are also in adequate range for excitation coil
inductances, Lec. The pick up coils inductances are more
sensitive to armature position, ¢ than excitation coil
inductances.

TABLE Il
COMPARISON BETWEEN EXPERIMENTAL AND 3D FEM — INDUCTANCES
WITHOUT ARMATURES

Lec (mH) Lec (MH)
Exp. 3.470 6.2285
3D FEM 3.3279 6.2220
TABLE Il

COMPARISON BETWEEN EXPERIMENTAL AND 3D FEM — INDUCTANCES
WITH ARMATURES

d=0mm d=0mm d=+100 mm  d=+100 mm
Lec (m H) Lpk (mH) Lec (mH) Lpk (mH)
f (Hz) Exp./ Exp./ Exp./ Exp./
3D FEM 3D FEM 3D FEM 3D FEM
500 3.5190/ 6.3910/ 3.5195/ 6.4170/
3.3806 6.3955 3.3811 6.4408
1000 3.5187/ 6.390/ 3.5187/ 6.4158/
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2000 3.5169/ 6.3878 3.5173/ 6.4134

3.3784

6.4333

Fig. 10. The positionsensor — Excitation coil, pickup coils and steel
laminations

—

. 11. Experimental elements—lockin amplifier, signal generator,
and reference position sensor

The measured real and imaginary components of
differential voltage and their full scale nonlinearity errors
versus position are presented in Fig. 12 at 500 Hz, 1000 Hz
and 2000 Hz. The measured real componentofvoltage curve
is smaller and less linear in comparison with imaginary
component. Theimaginary component sensitivity is about 8.6
times higherthan real componentsensitivity at 2000 Hz and it
increases up to 14.0 and 23.7 at 1000 Hz and 500 Hz,
respectively.

The maximum nonlinearity erroris close tothe 5% for real
component of voltage and it is less than 4% for imaginary
component for +100 mm operating range. However, the
maximum nonlinearity error is less than 2% for +90 mm
operating range. The high nonlinearity error at +100 mm for
armatures position is mainly caused by manufacturing
tolerance. As this high nonlinearity erroris absent in 3D FEM
at £100 mm in Fig. 9. The full scale nonlinearity error is less
than 1.5% for whole £100 mm working range in 3D FEM
results.

High nonlinearity error of real component of differential
voltage hasnot considerable effect onthe absolute value of
differential voltage as shown in Fig. 13. The sensitivity
coefficient of absolute value of differential voltage, Ka
increases 0.7% in comparison with sensitivity coefficient of
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imaginary component at 2000 Hz and it increases 0.2% and
0.1% at 1000 Hz and 500 Hz, respectively.

-

30 :
+500 Hz,y = 0.06876*x

|=1000 Hz,y = 0.1344*x e

<2000 Hz,y = 0.2492*x e

3
<500 Hz,y=0.002903*x
=1000 Hz,y=0.009571*x
+2000 Hz,y=0.02894"x | .«

Y

",

N
(=]

—-
(=]

Differential voltage (mv) - rms
. o [N}
N
N ,j
bow.
[
\
Differential voltage (mv) - rms
o

2 Real value - Exp. 20 ’,.7'"" Imaginary value - Exp.
Y 3=1.0° g_= 1.9 mm T #=1.0% g =19 mm
3¢ - -30 - : -
-100 -50 0 50 100 -100 -50 0 50 100
Position (mm) 4 Position (mm)
5
.. =500 Hz =500 Hz
% =1000 Hz } =1000 Hz
.\ #2000 Hz IR 5 |+2000 Hz
) i

Nonlinearity error (%)
o
Nonlinearity error (%)
o

)
i

; &
Real value - Exp. Imaginary value - Exp.

100 -50 0 50 100 -100  -50 0 50 100
Position (mm) Position (mm)

Fig. 12. The differential voltage and nonlinearity error— Experimental
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V. DYNAMIC ANALYSIS

The performance of the position sensors is important in
dynamic conditions, especially, when the sensors have
conductive components. The dynamic modeling using 2D time
stepping FEM analysis of the position sensor at variable
speeds are performed to evaluate motional induced eddy
current effects on the sensor performance. The motional
induced eddy current is generated when solid conducting
armatures have relative speedto the excitationcoil [27]-[29].
2D time stepping FEM is used for the dynamic analysis
despite its lower accuracy. Because it has less limitation in
terms of number of meshes and memory, which is not
straightforwardly conceivable in 3D time stepping FEM [30].

Two different speed profiles, 1 and 2 are selected for
dynamic analysis fortime range 100ms as shown in Fig. 14.
The positions ofarmatures, d versus time change from-60 mm
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to +15 mm in both speed profiles, but they have different
curves. Thedifferential voltages versus armatures position are
shown for speed profiles, 1 and 2 in Fig. 15 at 500 Hz and
1000 Hz, which are the same fortwo speedprofiles.Itcan be
confidently mentioned that motional component of induced
eddy current in steel laminations has negligible effects on the
performance ofthe position sensor.

VI. DISCUSSIONS

Using ratiometric function ((Ua-Uh)/(UrtUr)) reduces
sensitivity of the position sensor to the armature material
parameters, frequency and current ofthe excitation coil [11].
For example, Table IV shows sensitivity coefficients using
ratiometric function (Kr.r and Ki.) for relative magnetic
permeability change, which shows maximum 3% change for
real component sensitivity, Kr: and 0.4% to 0.6% in
imaginary componentsensitivity, Ki.. It is less sensitive to the
relative magnetic permeability change in comparison with
sensitivity coefficient in Table 1. Therefore, ratiometric
function could be also utilized to compensate material effects
and temperature effects on the performance of the position
Sensor.
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Fig. 15. The differential voltage versusposition in dynamic conditions—
2D FEM

TABLE IV
SENSITIVITY FACTORS OF RATIOMETRIC FUNCTION
FOR DIFFERENT PERMEABILITY — 3D FEM

U Kgr (1/mm) Kir (1/mm)
750 0.002460 (103.0%) 0.0002048 (99.4%)
1000 0.002388 (100.0%) 0.0002060 (100.0%)

1250 0.002368 (99.2%) 0.0002069 (100.4)

Real and imaginary components of differential voltage
versus frequency are measured and theirratio to frequency are
shown in Fig. 16 at armature position, d= +60 mm. The
imaginary componentis close to the 3D FEM simulations in
Fig. 7, however, real componentis closerto the 2D FEM.

Fig. 17 presents comparison between 3D FEM and
experimental results for real and imaginary components of
differential voltage versus position. The realcomponent has
higher discrepancy between measurements and 3D FEM,
which is similar to the results comparison in Fig. 16. The
highest discrepancy between experimental results and 3D
FEM for imaginary component of differential voltage is
occurred at 100 mm position of armature, which down
bendingofexperimental curve causes highnonlinearity error
as shownin Fig. 12 and Fig. 13.

Multi frequency electromagnetic method and compensation
technique onphase signature could be alsoused to compensate
the decentralization of coils and material effects in the position
sensor [31]-[32] in addition to using ratiometric function [11].
Extension oflinearrange ofthe LVDT positionsensorsusing
techniques, forexample, techniques basedon the fractional
order LVDT, LVDT inverse transfer characteristic and
functional link artificial neural network allows sensor
performance improvement for industrial applications [12],
[14] and [33].
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Fig. 16. The differential voltages normalized by frequency versus
frequency, In= 83 mA, B=1deg., and d=60 mm — Experimental

5000
Frequency (Hz)



PREPRINT

Final paper:
30

3 =500 Hz,Exp. o 1 @ + 500 Hz,Exp. A
£ = 1000 Hz,Exp. s £ 2 =1000 Hz, Exp. ,-""
T 242000 Hz,Exp. E - 2042000 Hz Exp.
= |—500 Hz,3D FEM o = | —500 Hz,3D FEM P
E 11000 Hz3DFEM ¢ 7% E10--1000Hz3DFEM 7 "
8 | ~2000Hz3DFEM, ' «%°°..-. &  |--2000Hz3D FEM /.-
g - : = ;
= Q_T:_D—HWW = 0
g 1l £ e
s o £ .10 7
c @ c [ A
g ’ o =
g 20 ,° Real value 9053 200 Imaginary value
o |, 4=1.0°, g, =1.9mm o ¥ 4=1.0°, g, =1.9mm

-3¢ -30

-100  -50 0 50 100  -100  -50 0 50 100

Position (mm) Paosition (mm)
Fig. 17. The differential voltage— 3D FEM vs Experimental results

VIl. CONCLUSION

The performance analysis and measurements ofthe position
sensor with novel structure were presented. The sensor has
simple configurationandit is cost effective, which makes it a
suitable option forindustrial applications and economically
mass production. The small size of coils of the position sensor
in comparison with armatures length and operating range
makes it more fault tolerant in the harsh environment. And the
positionsensoris less bulky in comparison with its counterpart
LVDT and potentiometer position sensors.

Conductive silicon laminations with 0.5 mm thickness were
utilized forthe armatures for easiermanufacturingand lower
material cost. However, it can be replaced with Ferrite, iron
powder and soft magnetic composites rectangular bars with
much lower conductivity to suppress induced eddy currents
and minimize real component of differential voltage.

The measured sensitivities of the position sensor are
0.251 mV/mm, 0.135 mV/mm and 0.069 mV/mm for absolute
value of differential voltage at 2000 Hz, 1000 Hz and 500 Hz,
respectively. Maximum measured nonlinearity error is less
than 2% in £90 mm working range.

Optimization of the positionsensorin terms of increasing
sensitivity, reducing nonlinearity errors and extending
linearity range is planned for the future works.
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