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The optimal useful measurement range of an
inductive displacement sensor
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Abstract: The purpose of this paper is to find the optimal useful measurement range of an inductive displacement sensor with
meander type coils. The optimal useful measurement range was numerically examined using a developed model for impedance
calculation. The sensor is composed of two sensor elements, with meander-type inductive coils. Each coil has five turns. With these
two sensor elements, it is possible to detect normal displacement (using only one sensor element) and tangential displacement (using
both sensor elements). Numerical results showed that the optimal useful measurement range was obtained when the gap of 0.23

mm was inserted in one of the coils of sensor element detecting normal displacement. Experimental results confirmed theoretical
predictions. The paper demonstrates developing of a model for impedance calculation of an inductive displacement sensor. With this
model, it was possible to determine numerically the optimal useful measurement range of the sensor.
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0ptimalno uporabno obmocje induktivnega
senzorja premika

Izvlecek: Namen ¢lanka je poiskati uporabno merilno obmocje induktivnega senzorja premika z meandrasta tuljavami. Optimalno
podrogje je bilo numeri¢no dolo¢eno z razvitim modelom za izratune impedanc. Senzor je sestavljen iz dveh senzorskih elementov

z meandrasto tuljavo. Vsaka tuljava ima pet zavojev. S tema dvema senzorskima elementoma je mogoce zaznati obicajne premike (z
uporabo le enega senzorja) in tangencialne premike (pri uporabi obeh senzorjev). Numeri¢ni izracuni optimalnega merilnega obmocja
so pri uporabi 0.23 mm reze v enem senzorju pri detekciji normalnega premika. Meritve potrjujejo teoreti¢ne izracune. V ¢lanku je
predstavljen razvoj modela, ki omogoca dolocitev optimalnega merilnega obmocja senzorja.

Klju¢ne besede: induktivne tuljave ; izracuni induktivnosti; merilno obmocje; premik
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1 Introduction

analyzed in [7]. A planar inductive coil of circle shape

The planar inductive coil sensors have a large scale of is used in an eddy-current sensor for high resolution
application. They can be applied in the inspection of displacement detection with reduced temperature
printed circuit boards using eddy-current testing (ECT) coefficient [8]. An eddy current senor with rectangu-
technique [1, 2, 3]. The development and comparison lar sensing element, printed by ink-jet technology on
of different planar fluxgate magnetic sensor structures a flexible substrate, for displacement application, has
realized in PCB technology has been reported in [4]. been presented in [9]. An inductive sensor for distance
The planar inductive sensor with planar coil and mag- measurement employs the principle of magnetic cou-
netic core can detect the cracks on nonmagnetic and pling between two coplanar coils [10]. Sensors, fabri-
magnetic specimens [5]. The linear displacement sen- cated in PCB technology, with planar meander and
sor based on the inductive concept using meander coil interdigital coils in series and parallel combination, are
and pattern guide is used to detect the displacement of used for measurement and monitoring of environmen-
moving part on linear machines [6]. The effect of induc- tal parameters [11, 12].

tive coil shape (meander, square, and circle shape with

different turn number of inductive coils) on the sensing In our previous papers [13, 14], design, modeling, and
performance of a linear displacement sensor has been operating principle of an inductive displacement sen-
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sor, with meander-type inductive coils, was presented.
The sensor is composed of two sensor elements. Each
sensor element presents a pair of meander coils. One
sensor element detects normal displacement, whereas
the other sensor element detects tangential displace-
ment. Sensor element for normal displacement can
be used independently, whereas the sensor element
detecting tangential displacement is used in combina-
tion with the element detecting normal displacement.
The sensor element that detects normal displacement,
with inserted gap g in the stationary coil, is presented
in Figure 1. The width of the segments in the station-
ary coil is w, =152 mm, in the moving (short-circuited
coil) the width of the segments is w, =0.51 mm. The
distance between axes of two neighboring segments
is p=1.78 mm and the number of turns is five. The gap
width influences the useful measurement range of the
sensor. The useful measurement range of the sensor
is near y = 0 (zero position — the axes of the segments
of the stationary coil are exactly above the axes of the
segments of the moving coil.) In this range the input in-
ductance of the sensor element detecting normal dis-
placement is invariant versus tangential displacement
(y-direction), thus the element detects only normal dis-
placement. The goal of this paper was to examine the
optimal useful measurement range of the sensor.

=a
Il

< Normal displacement>

Stationary Coil

w; = 1.52 mm

Figure 1: The sensor element, detecting normal dis-
placement, with inserted gap in the stationary coil.

2 Model of the sensor

Each sensor element can be described with its equiva-
lent circuit as it is shown Figure 2, where R, and R, are
resistances of the stationary coil (Coil 1) and moving
coil (Coil 2), L, and L,are the self-inductances of Coils 1
and 2, respectively [15].
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Figure 2: Equivalent electrical circuit of sensor element.

The input impedance of sensor element is equal to the
input impedance of the equivalent circuit:

U, = R111 +ja)L111 +ja)M1212

2.1
RI,+jwl,I,+joM,I,=0
M
e 22
R, +jalL,
. . JjaM
U =R+ joL)I, - joM,———>—1, 33
R, + joL,
Zy =R y+joL,, 24
where the total resistance of the impedance is
2 2
o R, LLk
RIN = Rl +% 2.5
R +w'L;
and the total reactance of the impedance is
R +&’L1-k*
oL, = oL, —> 2( ) 26

R +w’L}

Mutual position between the coils introduces magnet-
ic coupling between coils. The coupling coefficient k is

MIZ
V L1L2

where M, is the mutual inductance between Coils 1
and 2, for specific mutual position, and L, and L, are
the self-inductances of Coils 1 and 2, respectively. The
mutual inductance changes according to displacement
between Coils 1 and 2. It can be assumed that the cur-
rent of conductive segments is uniformly distributed
over the whole cross-section because of relatively low
working frequency (1 MHz). At this relatively low fre-
quency, the skin and proximity effects are negligible

(0 =+Pc, ! 7y , where p_, =172 x 10° Q is electri-
cal resistivity of copper Cu, fthe working frequency and
U, =41 x 107 H/m the permeability). The concept of the
partial inductance was applied as to calculate param-
etersL,L,and M.,

k= 27
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3 Inductance calculation

3.1 Selfinductance calculation of the meander-type
coil with inserted gaps

In order to optimize numerically the useful measure-
ment range of the sensor, the mathematical model that
describes the influence of the gap on the self-induct-
ance of the coil shown in Figure 3, was developed.

Ly g

Figure 3: The stationary coil with inserted gap in con-
ductive segments parallel to x-axis, | segments.

The equivalent circuit of the coil with inserted gaps is
shown in Figure 4. The gaps were inserted symmetri-
cally in the segments, hence it was assumed that the
current in all bars was equal, and that phase shift did
not change.
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Figure 4: Equivalent circuit of the stationary coil with
inserted gap in segments parallel to x-axis, | segments
[13].

The input voltage U is

134

QIN = QRxll +QLX11 +QRx21 +QLx21 +

+QRxN1 +QLxN1 +QRyl +QLyl + 3.1

+ QRyZ + QLyZ +..+ QRy(N—l) + QLy(N—l)

Because of the coupling between bars, (2) follows:

Urin tUpn = (Rxll +JjaL,,, — joM ) +

where R _ is the resistivity of the left bar in | segment,
L,is the partial self-inductance of the bar, M(mm) and
M(I.wz) are the mutual inductances between bars, N is
the number of IX segments (N = 10). The mutual in-
ductance between bars is positive if the current flows
through the bars in the same direction and negative if
the current flows through the bars in the opposite di-
rection. Summing voltages in all segments, the input

voltage U, is

Qm = (Rxll + ja}l‘xll - jWM(u)(u) + jwM(ll)(}l) T jwM(ll)(Nl) + jwM(n)(m -

. . Iy
_JWM(H)(ZZ) to..-J Mm)(\z)) +(szl +joL, - /“)M(zn(u) -

. . . . . Ly
- JwM(zn(sn ot /wM(zn(Nn - jwM(ZI)(ll) + IWMul)m) —t ]wM(Zl)(NZ)) : T+

+ joM,

+(Ry +j@Ly, - jWM(M)(H) @y T .]a)M(NI)((N ) ]wM(w T 3.3
+JOM (o) =t JOM )(m) +(R;1 +jOL, + jOM 00 +
FJOM g+t JOM ) 1 W TRy +jOL, + joM 0 +
HJOM 5y oot JOM ) L +
+(Ry oy TOL oy + JOM 0y + TOM vy oot JOM vy Ly

Finally, it is obtained that the input impedance of the
stationary coil with inserted gap (Figure 3) is

34

S 174z,
I

where Z is the impedance of the segments parallel to
x-axis (I_segments) and Z is the impedance of the seg-

ments parallel to y-axis (/, segments).

The impedance Z is given by
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Zx = Z{(inl +]a)(in1 + 241(_ 1) () +
i= J=
i#j
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where R is the resistivity of the left bar in | segment,

L, is the partial self-inductance of the bar, M(mm) and
M(muz) are the mutual inductances between bars.
The impedance Z is given as
N-1 ) N-1
Zy = Ei(Ryi + ]a)(Lyi + jZ:lM(yi)(yj) )) 3.6
i#j
where R is the resistivity of | segments, M . is the
! y (i) ()

mutual inductance between /y segments. The loop en-
velops the left bars of | segments, yet the same result
is obtained if the loop envelops the right bars of | seg-
ments.

Further extension of the useful measurement range
could be achieved with inserting more narrow gaps in
each segment parallel to x-axis. However, the number
of gaps and their width are the consequence of the
chosen geometrical parameters and limitations of the
chosen technology for sensor prototypes. The geomet-
rical parameters of meander coils were determined as a
compromise between the value of the inductance that
could be measured by an electrical interface for signal
processing and the size of the meander coils. The math-
ematical model, which describes influence of two gaps
inserted in each segment parallel to x-axis, has been
presented in Figure 5.
Ly Ry
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Figure 5: Equivalent circuit of the stationary coil with
two inserted gaps in segments parallel to x-axis, / seg-
ments.

It was assumed that the current intensity in all bars was
equal, and that phase shift did not change. The input
voltage U, is:
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Finally, it is obtained that the input impedance of the
stationary coil with two inserted gaps is:

U
ZIN — —IN :le +Zy’

Ly

3.8

where Z is the impedance of the segments parallel to
x-axes (I segments) and Z is the impedance of the seg-
ments parallel to y-axes (/y segments).

The impedance Z is given as
N . . N i+j
Z, = E{(inl +Jjol,;, + ]wzl(_ 1) M 1y
i= j=
i#]

L i+ L3 i+j N
+joY (-1)" My +Ja’,2](—1) T My j3)
J=

J=1

i’

3.9

N N Lo
. . i+
Z, =Y Ry +joLy + joX (=1)" My +
i=l =
3.10
N 3 i+j
+jo% 3 (1) My
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where R is the resistivity of a bar in | segment, L is

Xil
the partial self-inductance of the bar, M and M

k ) (M)
are the mutual inductances between bars.
The impedance Z is given as
N-1 ) o oN-l
Z,= 2R+ jol, + jOXMy,)3m
i#]
where R is the resistivity of | segments, M, . is the

mutual inductance between Iy segments.

3.2 Calculation of the selfinductances of the coils L,

and L,

The sensor was modeled using the concept of the par-
tial inductance. Planar meander-type coils were par-
titioned into constituent segments. Each partitioned
segment was partitioned additionally into a certain
number of filaments [13, 14]. Planar meander coils are
partitioned into constituent conductive segments as it
is shown in Figure 6. There are 19 conductive segments
in meander coils.
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Figure 6: Arrows show current flow direction in the coil.

The resistances R, and R, of Coils 1 and 2, respectively,
are calculated by Equations 3.12 and 3.13

3.12

3.13

where h is the number of segments in a coil (h = 19),
and R, is the resistance of a segment (parallel to x- or
y-axes).

The resistance R, is given by Equation 3.14

[

R=Pcu'm

3.14

where p_ is resistivity of copper, / is the length of the
segment, w is the width of the segment and t is the
thickness of the segment (copper layer).

The self-inductances of meander Coils 1 and 2 (L, and
L, can be calculated as a sum:

h h h

L, :zLiizz‘Mﬁ‘ 3.15
i=1 i=1 j=1
J#i
h h h

L =XL iZIZI‘M,‘ 3.16
i= i=l j=

J#I

where L is the partial self-inductance of each straight
segment (Figure 6) and M;is the mutual inductance be-
tween each pair of conductive segments (Figure 6), h is
the number of partitioned segments in meander coils
(h = 19). The mutual inductance is positive if current
vectors in segments j and j are in the same direction or
negative if current vectors are in opposite directions.

As it was reported in [16, 17], each partitioned segment
was additionally partitioned into a certain number of
elementary filaments (/. , /., sz,-' Izyj,...), having small,
rectangular cross sections, as shown in Figure 7. This
was done in order to achieve better precision in cal-

culation, because the segment separation dimensions
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are not larger than the cross sectional dimensions for
all geometries considered. (As it was previously re-
ported, the distance between axis of two neighboring
segments is p = 1.78 mm whereas, in one of the struc-
tures, cross sectional dimension is 1.52 mm.) Figure 7
shows the general case of segments partitioning, with
overlapping in the corners. In reality, dimensions of the
overlapping in the corners are too small to introduce
significant error.

Figure 7: A part of sensor element partitioned into fila-
ments. Filaments parallel to x-axis are | long and d_
wide, whereas filaments parallel to y-axis are Iy long
and dy wide; D is the width of conductive segments.

The number of filaments is such that dimensions of
the cross section of each filament are less than a skin

depth (5:,/,0@/79‘#0 , where p_ =172 x10%Q s
electrical resistivity of copper Cu, f the working fre-
quency and g, =41 x 107 H/m the permeability), at the
highest frequency of interest [17]. Each segment was
partitioned into 24 filaments as to fulfill this condition
and as compromise between complexity and accuracy
of the model.

The partial self-inductance L, is the sum of the mutual
inductances between all pairs of elementary filaments
within segment i:

Figure 8: The partial self-inductance calculation of a
conductive segment i.
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n n
L= ZZMH
k=1i=1
12k

3.17

where n is the number of filaments in segmentiand M,,
is the mutual partial inductance between filaments k
and / within segment j, as it is shown in Figure 8.

The mutual inductance M, (Equations 3.15 and 3.16) is
the sum of mutual inductances between all pairs of fila-
ments from segments i and:

m

05

)

1
my k=1

Mij: M,

1

3.18
m

-~
]

where m, and m, are the number of filaments in seg-
ments i and j, respectively, and M, is the mutual induct-
ance between filaments k and / from segments i and
j, as it is shown in Figure 9. The numbers of filaments
in conductive segments are identical, n = m,=m,=24.

my -my k=121

.
: \_\\\\\

Figure 9: The mutual inductance calculation between
two segments.

3.3 The mutual inductance M - calculation

The mutual inductance between Coils 1 and 2 (M) is
calculated in a similar manner, as it is presented in Fig-
ure 10.

Figure 10: Mutual inductance M, calculation.

The mutual partial inductance is calculated between
each pair of elementary filaments, which belong to dif-
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ferent coils. M, is the sum of all mutual partial induct-
ances between filaments from Coils 1 and 2. Taking into
account, that Coil 2 physically moves with respect to
Coil 1, the distance between filaments of Coils 1 and
2 changes regarding the displacement. The distance
between filaments is an important parameter for the
mutual inductance calculation, as well their mutual
position. While calculating the mutual partial induct-
ances between filaments from different coils different
equations were applied [18], depending on the mutual
position between filaments, as it can be seen in Figure
11. The formula for mutual inductance of two parallel
filaments of equal length (/) and distance (d) is

In the model of the sensor, Coil 2 moves with respect to
Coil 1 in y-z plane and it rotates around x- and y- axis,
as well. In the case of rotation, filaments in Coil 2 can
be placed in any desired position. Therefore, equations
3.20 - 3.22 [18] were applied to calculate the mutual
partial inductance between filaments placed in any de-
sired position, as it is shown in Figure12. Based on this
model of the sensor, in-house software was specifically
developed for resistance, inductance, and impedance
calculation of the sensor. The software calculates vari-
ation of these parameters versus displacement in y-z
plane and versus small rotations of the moving coil
around x- and y-axes.

M () areig—"
0.0Icose R +R, R +R,

m ) Qd 3

—v-arctg -——

R, +R,

+(v+m)-arctg
20

- U-arctg -
R, +R, sin €

in which
d*cose+(u+1)(v+m)sin® &
dR,sine

2 : 2
_arctg d”cose+ (,u'+ [yvsin~ &
dR, sin €

Q= arctg{

dRysine

X X 3.21
d”cose+ uvsin® €
+arctg{ ald

vt d* cose+ pu(v+m)sin’ &
& dR,sine



S. M. Djuri¢ et al; Informacije Midem, Vol. 45, No. 2 (2015), 132 - 141

(" Start )
$ Start )

A

Elementary filaments on

No the same axis, d — 0 ?
I d>0 1 o
o
<>« "m—»
II: d>0 d
»: I
R
/ y
II: d>0 S d
N el
«—n [ —
«—n
V:d>0 —
- d
11—
Pi«—n—m> ¢
V:d>0 g -
d
A
< m »
v -
< End ><

4

M =t

Ar

(m+n+38)-n(m+n+8)=(m+35)-In(m+5)
—(n+38)In(n+35)+5-Ins

A4

A4

A4

2M =Mn+m+0,d)+ MO, d)—Mn+,d)y—M(m+03.,d)

A4

2M =M n+m,d)y—M(n,d)—(m.d) >

2M =Mmn+m—356,d)+M S, d)y—Mmn—-35.d)—M(m—375.d)

A4

) £

2M =M n,d)+ M (m.,d)y—M(m—n.d) >

A4

2M =Mn+ p,d)y+ M(n+gq.,d)—M(p,d)—M(q.d)

4

Figure 11: Calculation of the mutual inductance between filaments. Calculation depends on the mutual position be-

tween filaments.

Figure 12: Two filaments placed in any desired position.
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Parameters I, m, u, v, and d are given. The relations 3.22
calculate the distances R.R,R, and R,

=d>+(u+1) +(v+m)’ =2(u+I1)(v+m)cose
=d*+(u+1)" +v =2v(u+I)cose 205
=d*+u’ +v’ =2uvcose '

=d*+ 1’ +(v+m)’ =2u(v+m)cose

4 Results and Discussion

Simulated values of the input inductance versus y-
displacement for different gap widths g = [0.15, 0.18,
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0.20, 0.23, 0.25, 0.28, 0.30, 0.33, 0.36, 0.38] mm and the
most critical normal distance between coils z=0.1 mm
are presented in Figure 13. It can be observed in Figure
13, that invariance of the input inductance versus y-dis-
placement near y = 0 is obtained for gaps g =0.23 mm
red line, g = 0.25 mm blue line, and g = 0.28 mm green
line. The input inductance changes versus tangen-
tial displacement if the gap width is increased above
0.28 mm. If the gap width is decreased below 0.23
mm, then the useful measurement range is narrower,
as it can be seen in Figure 13. The variation of the in-
put inductance versus y-displacement for gap widths
g = 0.23 mm (red solid line), g = 0.25 mm (blue dash
line), and g = 0.28 mm (green dot line) is presented
in Figure 14. It can be seen that there is a slight vari-
ation of the input inductance in the useful measure-
ment range (near y = 0) for gap widths g = 0.25 mm
and g = 0.28 mm. Thus, it was chosen that the optimal
useful measurement range was obtained for gap width
g = 0.23 mm. The gap width g = 0.23 mm provides in-
variance of the input inductance versus tangential
displacement in the useful measurement range, thus
making sensor element good for detecting normal dis-
placement.

The sensor element for detecting normal displace-
ment with the gap width g = 0.23 mm was fabricated,
characterized, and compared with the sensor element
without the gap. Fabricated prototypes are presented
in Figure 15. Sensor prototypes were electrically tested
by Impedance Analyzer HP4194A, at the working fre-
quency of 1 MHz. Characterization procedure is similar
as it was described in [19].

90

85

80+

754

Input inductance L, (nH)

704

65

-0.5 0.0 05
Displacement y(mm)

Figure 13: The sensor element that detects normal
displacement: Simulated values of the input induct-
ance variation versus y-displacement for different gap
widths, and the most critical normal distance between
the coils z=0.1 mm.

The displacement dependence of the input inductance
L, iny-z plane for the sensor element detecting normal
displacement without the gap is presented in Figure 16
and with the gap g =0.23 mm in Figure 17.The symme-
try and periodicity of the input inductance character-
istics can be observed in Figures 16 and 17. The differ-
ence between local minimums (L i) and maximums
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Figure 14: The sensor element that detects normal
displacement: Simulated values of the input induct-
ance variation versus y-displacement for gap widths
g = 023 mm, g = 0.25 mm, and g = 0.28 mm, and
the most critical normal distance between the coils
z=0.1 mm.

(c) (d)

Figure 15: The sensor element: a) The stationary coil
of sensor element that detects normal displacement
without the gap, b) The stationary coil with inserted
gap g = 0.23 mm, c) The stationary coil of sensor ele-
ment that detects tangential displacement, and c) The
moving (short-circuited) coil.
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Input inductance L (nH)

Figure 16: The sensor element detecting normal dis-
placement: The displacement dependence of the input
inductance L, in y-z plane.

(- decreases as the moving coil moves from the
stationary coil in y-z plane. Eventually, the tendency
of the input inductance characteristic is to achieve the
self-inductance of the stationary coil. Figures 16 and 17
present displacement-input inductance dependence
in the nearly whole y-displacement range. However,
the useful measurement range is near y = 0 for sensor
element detecting normal displacement.
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Figure 17: The sensor element detecting normal dis-
placement with inserted gap g = 0.23 mm: The dis-
placement dependence of the input inductance L, in
y-z plane.
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Figure 18: The sensor element detecting normal
displacement without the gap and with the gap
g = 0.23 mm: The displacement dependence of the in-
putinductance L in y-z plane.

Comparison of the input inductance characteristic L,
for the sensor element detecting normal displacement
without the gap and with the gap, for the most critical
normal distance between the coils z= 0.1 mm, is pre-
sented in Figure 18. It can be observed that the invari-
ance of the input inductance versus y-displacement is
achieved in the useful measurement range (near y = 0),
as well near other local minimums. Comparison of the
useful measurement range between the sensor ele-
ments without the gap and with the gap is presented
in Figure 19. Displacement step was approximately
0.0635 mm as to accurately analyze the useful meas-
urement range. It can be seen in Figure 19, that the in-
put inductance of the sensor element with the inserted
gap is almost invariant near y = 0 in comparison with
the input inductance of the sensor element without
the gap.

The smallest change in the position of a moving coil
that can be detected depends on the signal processing
interface. In case of measuring with Impedance analyz-
er, which can detect transition in the range of 10 micro
ohms, resolution of the sensor can be estimated to 0.1
um. Further, resolution of the sensor is possible to im-
prove with adjusting the design to meet the given ap-
plications. The useful measurement range of the sensor
element detecting normal displacement, the worst-
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Figure 19: Comparison of the useful measurement
ranges for the sensor element without the gap and
with the gap g = 0.23 mm when displacement step was
0.0635 mm and for the most critical normal distance
between coils z= 0.1 mm.

case results for g = 0, is nearly 0.31 mm for relative ac-
curacy +0.5%, and nearly 0.42 mm for relative accuracy
+1%. From Figure 19, it could be observed that these
ranges would be wider for the optimal useful measure-
ment range g = 0.23 mm and for given accuracies.

5 Conclusion

In this paper, concept of the partial inductance was
used as to model a planar displacement sensor with
inductive coils of meander-type. In addition, modeling
of a gap, inserted in a meander coil, was presented as
well. In-house software was developed, based on this
model, and was used to determine numerically the op-
timal useful measurement range of the sensor. Results
show that for the sensor with specific geometrical pa-
rameters, as it is given in the paper, the optimal useful
measurement range is obtained if the gap of 0.23 mm
isinserted in the stationary coil. Theoretical predictions
were confirmed with experimental results.
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