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Abstract:

This paper presents mathematical modeling approach of an inductive sensor producing oscillating output
of a given frequency representing displacement of a core moving in and out of a coil of known geometrical
dimensions. The technique is hence used in characterizing the speed, acceleration and frequency of the
proposed differential inductive transducer. This model uses a double coil arrangement with a freely
movable iron core. This is made to oscillate freely thereby producing the proposed output for
characterization of oscillating parameters. The application of this work finds utility in generating small
amplitude signals from tiny force winds for the purpose of acquiring impulsive electrical signal from
sources such as machine vibrations. Using an inductive coil sensing technique in a differential manner,
physical parameters of speed, acceleration and displacement are translated into a signal with proportionate
output frequency change. The results shown can be used for characterizing the materials and hence sensor
with high sensitivity, linearity and responsiveness in harsh environmental condition is obtained.

Keyword: Speed, acceleration, speed-to-frequency converter, acceleration-to-frequency converter,
variable inductance, magnetization, pressure sensor, displacement, relative permeability.

1. INTRODUCTION

Real time precise measurement needs circuits and instrumentation electronic for playing a significant role
in designs and automation needed these days in sensing and control of smart instrumentation. The hard to
reach locations with employed target devices, and their characterization, detection, and monitoring are
better handled by deferentially coupled oscillatory system. These kind of oscillatory measurement circuits
are important for the determination of core speed and acceleration in a magnetic coil topology coupled
deferentially in an oscillatory manner. This produces a two ways movement, that is, the inward and
outward within a coil with vertical orientation. Magnetic iron core possesses a variety of attractive
properties, such as high electrical and thermal conductivity, high density, and serviceability; through
extrusion, it is possible to create complex forms that are difficult to be achieved in any other way. Coil is
the largest production facility for continuous geomagnetic topology of a see-saw oscillation orientation
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strip. The results of this work also, find utility in production line equipment, loading and unloading
systems [1].

Pressure sensors are broadly categorized into three varieties, namely; piezo-resistive, capacitive, Linear
Variable Displacement Transducers (LVDT). Piezo-resistive sensors have the advantage of good linearity
and acceptable sensitivity, but put at a disadvantage from the fact that it possesses the problem of
inaccuracy due to issues from large temperature hysteresis which causes in some applications inaccuracies
of unacceptable level [2]-[3]. Capacitive pressure sensors exhibit features of higher sensitivity and lower
temperature hysteresis, but they are suffer from nonlinear issues more than other categories [4]-[5] even
in low temperature range applications. Conventional LVDT-based pressure sensors possess good linearity,
highest sensitivity and lowest temperature hysteresis, but such devices have a demerit of bulky physical
structures [6]. New pressure sensor is characterized with excellent linearity, high sensitivity and a low
temperature hysteresis.

This paper introduces a novel type of force sensing using concepts reported in recently reported works [2]
that is characterized by: a) miniature size most suited for being used in devices buried or in inaccessible
locations; b) excellent linearity over an arbitrary chosen force, speed, acceleration range; ¢) substantially
high sensitivity; d) substantially low temperature hysteresis; €) Low power consumption; f) excellent
responsiveness, g) good level of immunity to interference from neighboring environment. Each segment
of this work has been characterized into different sections. Section I gives the introduction and review of
contemporary work, section Il describes the method adopted for this work. Section 1l describes the
theory, derivation and force sensor design. The results are shown in section IV. Error analysis is given in
section V; while conclusion is presented in section V1.

2. METHOD

The method used in this force sensitive transducer arrangement is as shown in Figure 1. This model uses
double coil arrangement with iron core moving in and out in a seesaw style. This phenomenon is the result
of simple movement of the core position bringing about changes in the inductance of the coils and
ultimately in the frequency, duty cycle, current, voltage, force and pressure-temperature hysteresis. The
idea is shown to be of applications in devices used for harvesting of energy including other applications
such as in liquid level characterization. The core is made of materials of known relative permeability. The
proposed sensor offers a change in inductance of 42.9mH over a pressure range of 0.3kPa to 15.3kPa while
moving over a displacement of from 0 — 0.02m. Its sensitivity is therefore 2.80mH/kPa which is
substantially higher than previously reported work and also when compared to results by recently reported
contemporary research works. As shown in Figure 1, a coil of 6mm length and a diameter of 8mm is used.
A small cylindrical iron core of a height of 6mm and a diameter of 4mm is positioned inside the coil,
surrounded by a smooth insulation material. The arrangement is such that the pressure and force acts on
the iron core in the upwards and downwards direction. This provides the seesaw oscillation with the
upward and downward motion of the core as shown in Figure 1. In addition, a horizontal bar is positioned
on top and connected to the core in both directions in order to contain the iron core as it gets displaced.
The displacement of the core is proportionate to the force applied and ultimately the pressure. This creates
oscillation as both cores are connected to the ends of convulsion bar. The sensor’s performance parameters
are as shown listed in Table 1, added on information to what is reported in [2].
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Table 1: Sensor’s performance indices

Types Sensitivity | Linearity Pre. Hyst | Tempt. Responsiv
Hyst eness

Piezor.p.s | 25mV/kPa | Linear +1% FSO | 2% FSO | Quick
Cap. Pre.|0.2nF/kPa | Nonlinear | £0.1% +0.5% Slow
Sensor FSO FSO
LVDT 400mV/kP | Linear +0.5% +0.1% Slow

a FSO FSO
Mass 3.56mH/kP | Linear +0.05% +0.1% Average
Sensor a FSO FSO
Wind 2.93KHz/k | Highly 1£0.02% 10.01% | Quick
Sensor Pa Linear FSO FSO

+Vee +FVee

Out

Out 5 7 3
Counter 3 ! lox A'I 3 Counter
555 Timer 1 1 555 Timer
. _ I-x Ic I

Figure 1: A conceptual design of convulsion bar resting on a pivot point moving in a sea saw
manner over two magnetic coils:

3. THEORY OF OPERATION AND DERIVATION

From the convulsion bar shown in Figure 1, a little force as a result of pressure over an area is applied to
the right side of the seesaw bar, which causes downward displacement of the magnetic core within the
coils resulting to an inductive change. This change is proportional to the physical parameter of interest
such as the acceleration, speed, force, pressure and frequency, duty cycle. The core on the left side moves
out concurrently as the right core moves in, thereby resulting in both inward and outward inductance
changes. The geometry of these coils, is discussed in subsequent sections.

The force, Feore, applied on the core is given by:

2
Fore =Ma= m(éél =m 5—2)( =PA Q)
ot ot ot
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In the case of differential pressure, the above equation becomes

(P—P,.qs)A) &2x
win — — a 2
(=P )R] 22 @
The inductance of the coil when the core is moving out by displacement ‘x” as a result of force as seen on
the right side of Figure 1, is given by:

L :M(TX*‘M(J-_TX}J 3)

3.1.Dynamic Range Of Core Geometry As A Result of inward Position Displacement
When the core goes out from the coil geometry, simultaneously the second core on the other side moves
in, the inductive change is hence as derived in Appendix | to be given as a function of acceleration is as
shown:
NZA
N =”°2T(yr 2l +at?(1- 4, )) (4)

While as a function of speed with which the core goes outside the coils is derived as:

AN AL 21+ vt(d— 2,)] (5)

L. =
N 212

3.1.1 The Position of Core As A Function of Differential Pressure on The Inductance
The cores moving in and out of the coils geometry has a weight define as:

W = mg = (P - I:)Wind )A
But the acceleration due to gravity or the magnetic field strength § and details of equation 8 are found in
appendix I.

=X (6)

Equation 6 gives the relation between the position displacement and the differential pressure acting on the
core as a result of oscillation in the seesaw. The inductance as a result of the position of the core as a
function of the differential pressure with respect to the outward inductance of the core is given in (7).

N2A%t?
N = IUOZT(ZmI/Jr + (1_ Hy )(P ~ Pliing )) )

3.1.2. The Position of Core Outward Motion as a Function of Differential Pressure To Frequency
From the original frequency of equation derived in previous work, its frequency was obtained as a
function of change in inductance and the resistance of the circuit as:

1.58R _ 3.16Rml*? @®)
- L luoNzAztz(Zmllur +(1_/ur )(P_ I:)wind ))

f

IJFMR23068291 Volume 5, Issue 6, November-December 2023 4



https://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

3.1.3. The Position Of Core Outward Motion As A Function Of Speed To Frequency Output
From appendix 11, the frequency as a function speed is obtained as shown in (9)

2
o 3.16RlI (9)
N At (2, 21 + V(1 p,))

3.1.4. The Position of Core Inward Motion as A Function Of Acceleration To Frequency Output
The acceleration of the core into the coil geometry was given as:

2
L= “02':'2 Al 2l +at? (- u,))
If the frequency output was obtained from the timer, the frequency as a function of acceleration is;

Details of derivation is shown in appendix

f_ 3.16RI? 9)
Ko N 2'Atz(:ur 2l + a(l_lur ))

3.1.5. Position of Core inward Motion as a Function of Displacement to Frequency Output
Substituting the inductance into frequency produces; details of derivations are shown in appendix II.
_ 1.58RI?
#o N Ape + (1= 11, )) (10)

3.2 Dynamic Range of Core Geometry as a Result of Outward Position Displacement from a
Seesaw Oscillation

When the core goes out from the coil geometry simultaneously from the other side of the seesaw bar
orientation, the inductive change of the outward movement of the core is thus given by:

NZA X 1—x NZA X
I—OUT:[IJOI—[/JrT+ | j:ﬂol [1+T(:ur_1)j

3.2.1. Inductance Change as a Function of Acceleration From The Inward Movement Of The Core
In The Seesaw Oscillation

The equation may further be related to acceleration as given in substituting equation 2 into the outward
inductance we have equation 11 while the details are shown in appendix IlI.

NZA
Lour = IUOZT(ZI + atz(ﬂr _l)) (11)

3.2.2. Inductance Change as a Function of the Outward Speed of The Core
Substituting v=at into the outward inductance and differential pressure equation, we have;

NZA%?
I—OUT = luozT(zml + (P - I:)wind )(:ur _1)) (12)

The Inductance change with net Force applied;
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Loyr = 2|—2(2| +F(u, —1)) (13)

3.2.3. The Position of Outward Core as a Function of Pressure to Frequency
Substituting the differential pressure and inductance into the frequency equation, we have;
3.16Rml?
f= 2 p2¢2 (14)
/uoN A (Zml + (P - I:)Wind Xlur _1))
Details of the derivations are shown in appendix Il

3.2.4. Position of Outward Core as a Function of Force to Frequency
From our earlier derived and published equation of frequency, we had;

_1.58R 3.16mRI?

L a4 N2At2 (2 + F(u, 1)) (15)

f

3.2.5. The Position of the Outward Core as a Function of Acceleration to Frequency
Substituting acceleration equation into frequency equation, we have and the details are shown in
appendix IlI;

3.16RI?
1,N2 A2 +at? (g, —1)) (16)

3.2.6. The Position of the Outward Core as a Function of Displacement to Frequency
Substituting the outward inductance equation into frequency equation, we have;
1 s8R _ 1.58RlI 7)

#OTZA[]-“L?(‘“' _1)j ,uONZA[1+:((,ur—1)j

f =

4. ANALYTICAL RESULTS AND DISCUSSIONS

A simulation of the designed mathematical model and its necessary derivations for inductive behavior
when differential pressure is applied from both arms of the convulsion bar oscillating according the
difference in the applied pressure or force result to inductance, frequency, kinematics when motion
parameters are varied. The results are segmented in subsection 4.1-4.3.

4.1.Inductive Change From Differentially Applied Pressure With Acceleration, Speed And
Displacement
When the magnetic core from the right arm of the convulsion bar goes into the coil geometry as a result
of differential pressure brought about by the wind/air ambient, and acting force on the seesaw over an
area, then the acceleration of the movement of the core is obtained which is proportional to the inductance
parameter. From Fig. 3 (a), the inductance increases as the core accelerate at higher rate. From the left arm
of the bar, the inductance reduces the core decelerate from the coil topological geometry. This same as in
the case of speed from Fig. 3 (b). Since speed increases as an object accelerate faster, hence, the graph
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shows the same result. From the right arm, when the core goes into the coils, the inductive variation
increases with increase in speed and its lowered from the left side as the speed decreases. Also, from Fig.
3 (c), the inductance increases from the right arm as more length of the coil is displaced and decreases as
the core leaves the coil geometry. Fig. 3 (d) shows a linear variation in the inductance against the
displacement. Fig. 3 (e) shows the inductive from both arms with various density of the air force. The

inductance in this case increases as the core goes in and decreases as the core goes out.

Inductance change as
a result of differential

Inductance change as a result of differential
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Inductive change with density variation as a

result of temp difference
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Fig. 3(a): Shows inductive change as a function of differential pressure with core acceleration, (b): Shows
inductive change as a function of differential pressure with core speed, (c): Shows inductive change as a
function of differential pressure with core displacement and (d): Shows the initial inductive as a function
of inductance only with displacement, (e): Shows inductive change with density of air variation as a result
of temperature difference.

4.2.Frequency Change From Differentially Applied Pressure With Acceleration, Speed And
Displacement

From Fig. 1 as seen from the core insertion technique brought about by the seesaw oscillation mechanism,
caused by differential pressure, the sensed parameter is fed into a processor, which in this case, is a timer
circuit for characteristic linearization of second and third derivative of the model. The processor
characterizes these sensed parameter and converts it into a useful electrical signal based sequence of
instruction. While attuning with the sensed parameters of speed, acceleration, displacement, a signal of
interest such as frequency is obtained from the output pin 3 of the timer. These frequencies are affected
by the great influence of the differential causing the core motion in vertical orientation. From Fig 4 (a-d),
the frequency of the output signal increases as the core goes into the geometrical coil space. The frequency
decreases geometrically as the core goes out of the coil orthogonal orientation. The result of frequency
with displacement, speed, acceleration are similar because as the core accelerate more, then the speed
increases and hence, more length is displacement ultimately.
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Frequency change as a result of differential Frequency change as a result of differential
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Fig. 4(a): Shows frequency change as a function of differential pressure with core displacement, (b):
Shows frequency change as a function of differential pressure with core speed, (c): Shows frequency
change as a function of differential pressure with core acceleration and (d): Shows a 3D frequency change
as a function of differential pressure with core acceleration.

4.3.Kinematics from Differentially Applied Air Density, Pressure difference and Time.

Fig 5 (a-c) shows the acceleration, speed and displacement of the core against air density causing pressure,
pressure difference and time. From the result in Fig.5a, it shows that the acceleration was uniform. This
means that as the air density due to temperature change increases, the magnetic core accelerate faster.
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However, the speed and displacement have values obtained which close to the air density causing the
pressure difference, and hence the motion. Also, Fig. 5(a) and (b) have similar result. This shows that the
density is a major pressure causing parameter especially atmospheric pressure.

Kinematics of the Oscillation Kinematics of the Oscillation with pressure
) difference

ampm Speed sl Acceleration Displacement' e=pumSpeed =il Acceleration Displacement’

B - .
1.3950 1.3420 1.2930 1.2470 1.2040 1.1650 1.1280 1.0930 1.0600 1.0290 1.0000 0.5720 0.9460

Air density Pressure difference

@ (b)

Kinematics of oscillatory motion from seesaw
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30 -0 2
o
-
l

Time

(c)
Fig. 5 (a) kinematic motion of the seesaw against air density, (b) Kinematic motion of the seesaw against
pressure difference, (c) Kinematic motion of the seesaw against time.

4.4 Frequency as A Function of The Resistor and Time Period

From the sensing mechanism, an output frequency has been determined as an improvement to the existing
work in this area. This output frequency from sensor have been obtained in equation 16 and 17. These two
frequencies from the sensor and processor are then compared, analyzed, being combined and sent to the
display such as register, counter for storage and other usage. From Figure 6 (a)-(b), the frequency from
the sensor is a linearized one which is a much improvement to the one in literature [1-19]. The frequency
from the timer is galloping as it’s just the reciprocal of the time period when considered with resistor and
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inductor. From Figure 6 (a), the values of the resistor have been varied. This shows that the value of the
frequency increases and the resistive value increases from both sensor and timer. However, the timer as it
where, gives a sinusoidal effect of the frequency.

Again, making the value of the resistor constant and varying the inductive value result in Figure
4.14(b). Here, the frequency decreases as the inductive value increases while resistor becomes constant.
Hence, if the resistor is fixed while varying the inductive value, the sensor’s position measurement will
be such that the increase inductive change negates the resulting output frequency from all combinations.
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ﬂ 1 1 I 1 1 1
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(b)

Figure 6: (a) Frequency with varying inductors and resistors from the timer and sensor. (b) Frequency with

varying inductors and fixed res

istor from the timer and sensor
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5. CONCLUSION

A mathematical characterization modeling approach of an inductive oscillating sensor using core
displacement, in magnetic coil orientation, hence characterizing the speed, acceleration and frequency of
the proposed differential inductive coupling. This model uses double coil arrangement with magnetic core
made of iron suspended in a seesaw. This is made to oscillate freely thereby producing the proposed
characterization. This is produces a pressure sensor, force sensor, vibrator sensor, propelled by wind
force and vibration which are used for the acquisition of impulsive electrical signal from a harsh
environmental location and/or a machine vibration which can slowly set the seesaw into oscillation and
therefore producing helpful speed, acceleration and frequency generating models. Using an inductive coil
sensing technique in a differential manner, a physical parameter such as speed, acceleration and
displacement are translated into a signal with proportionate output frequency change. The results shown
can be used for characterizing the materials and hence sensor with high sensitivity, linearity and
responsiveness in harsh environmental condition is obtained. The result obtained verifies the derivations
and the simulation in literature [2]-[4]. The error is brought to minima value of 0.01% of FSO.
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APPENDIX |

Simplifying the above equation, we have;
L, N?A( at® + g, 21 — p, at?
Ly =

I 21
2X
= t_Z
Assuming that a =0 and making all necessary substitutions, we have;
2mx
(P - |:)wind )A = tz

Cross multiplying
(P — Pyinq JAL? = 2mx

Dividing both sides by 2m, we have;
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Substituting equation 8 into 3, we have:

L|N :;LIONZA (P_Pwind)'a‘t2 +u, 1[PpwdeAt2

| 2m

2 _ . _ _ . 2 —
I—|N — Mo N"A(P Pwmd At2 4+ i 1 (P lDwmd )At I-|N
| 2ml 1 2ml

HoN 2A[(P — Ping )Atz +2ml, (l_ (P — Puing )Atz)]
| 2ml

APPENDIX 11

Substituting equation 9 into frequency equation, we have;
1.58R

e NZA%t2
2ml?
1.58R*2ml?

@mlg, +@— 2, XP —Puing))

f_

NZA
L= /JOZTt(/ur 2l +V(1_/ur ))

_ 1.58R

L
1.58R

(/’lr 21 +V(1_/'lr )t)
1.58R

. NZA

B w2 rat? (- u,)

B 1.58R*2I?
NP A 21+ at? (- )
1.58RI

a3

Rearranging the above equation, give rise to equation 13;

f

f = 2
HNTA

212

f =

o 758\ 2A2t2(2m|,ur + (1—,Llr XP — Pling ))

APPENDIX |11
M NZA at®> I—at®)  u,NZ?A at®* L, NZA( 2] + at? _
Lour = 0 [,Ur 21 + 21 jf I (1+ Sl (/—‘r 1)) Lour = | ( | (#r 1)]
NZA
Lour = ﬂDZT(ZI +Vt(/"r _1))
From 14’ L =/JON2A 1+ (P_Pwind)At2 (IL[ _1)
ouT I 2m| r
N2A(2ml +(P - P, JAt? .
Lour = £ ( :) (#, —1)| From equation 16,
| 2ml
o 1.58R
2, N2 A*t?
e (2ml+(P-P,, -1
2m| 2 ( ( wind )(/’lr ))
IJFMR23068291 Volume 5, Issue 6, November-December 2023 14



https://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com

e Email: editor@ijfmr.com

From equation 18,

1.58R x 2ml*?

H, N 2A2t2(2m| + (P - |:)Wind X/ur _1))

1.58R

(21 + at2 (z, —1))

L, N2 A
217

1.58R x 212
1, NZA(2I +at?(u, —1))

1, N>A
217

Ly = (,ur 2l + at? —,uratz)
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