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Abstract. In the following article we describe interface for analog inductive displacement sensor and possible scope
of its application (both aviation industry and civil domestic production taking rotary washing machines as example).
The is also an there's overview of main sources of destruction and failure of rotary washing machines, advantages and
disadvantages of inductive sensors of movement and embodiment of such a sensor. Also presented a graphic model as a

result of research of a sensor.
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1. Introduction

Requirement to measure displacement occurs in
many industrial sectors. In most cases these are
critical diagnostic and monitoring tasks aiming to
control a condition of a device or a machine.

Measuring displacement in aircraft industry is
vital and improvement of currently existing
measuring systems can save lives. The simplest
system is usually the most applicable and reliable,
hence analog interface presented in this article could
be used in aircraft industry as well as in civil
production.

However, the most striking example of such
measurements is a use of displacement sensors in
gas turbine compressor units, in which deviations
from specified limits of displacement may result in
huge financial losses. But this is only one of the best
examples. We should not forget the household sector
as well. The practical value of sensors sufficiently
simple in their design for mass production, cheap
enough in order to not inflate the overall price of the
product and sufficiently reliable to justify their use
and to meet requirements is obvious.

2. Overview

In 2012, at the St. Petersburg has been opened a
factory for the production of Bosch washing
machines, which according to official plans should
produce 350,000 washing machines per year.
According to the same information, the total number
of washing machines from different manufacturers is
approximately 35 million copies only to be sold in
Russia. Considering these figures, any, even minor
savings in the production process reaches such
amounts, which takes into account even by the

industry giants. Also, structural reliability and the
ability to control the functioning of the machine
allow manufacturer to reduce the incidence of failure
of the product during the warranty period, which
also eliminates the unplanned expenses for a
manufacturer.

It should be noted that manufacturing of washing
machines for household use is a striking example
through mass and proximity of examples to every
listener, but let's not forget the industrial washing
machines used in commercial and public laundries.
The price and size of these machines are much
larger, and the consequences of a serious breakdown
may even lead to human victims.

From the definition of the differences between
consumer and industrial machines follows a
fundamental difference in approach of improvement
of a design. Both ergonomic-design and commercial
factors affect it.

First of all, particularly production of household
washing machine imposes certain limitations on
physical parameters — possibly counterweight of two
tons might be a solution of some problems, but this
is obviously impossible. Recently, when the basic
form factor of washing machines has been formed,
there’s a problem for all manufacturers — it’s
competition in all possible ways (last but not least —
using changes of ergonomic options). Manufacturing
of "thin" washing machines imposes special
restrictions not only regarding some basic technical
support staff, but also regarding additional structural
elements that limit the maximum allowable size and
taking into account the special needs of physical
parameters improve existing solutions and
encourage finding of new ideas. Obviously there is
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also a commercial aspect — embedding too expensive
sensor will increase not only the reliability of the
system, but also its price, which, as already noted,
the scale of production and given the high
competition (only in Ukraine there are about twenty
major manufacturers and distributors of washing
machines) are not allowable.

Manufacturing of industrial washing machines have
fundamental differences in most of the above aspects,
but inflated price is still a factor which should be
avoided. Size of industrial machines does not limit the
range of technical capabilities, but instead of this — the
requirements for system built into these machines is
much higher. One of the best examples is a
requirement for an emergency stop in case of a failure
of the rotating mechanism (excessive loosening or
breakout of a drum). Detection of such failure shall
take seconds and response to such an event must be
immediate , because in case of an explosion or fire
such a machine (or, for example, in the case of
uncontrolled bias of a drum hyped up to 1000 rpm with
90 kg of stuff in it) casualties and significant losses are
highly possible.

3. Task formulation

The main source of kinetic energy, and hence the
mechanical movement of the washing machine is a
drum. Control over his movement and the response
to it can be done in different ways.

Differences in control of the movement lies in the
chosen type of sensor and data processing methods
derived from it. The most common type is a
piezoelectric sensor and an inductive sensor.

Reaction to the value obtained during a work of a
sensor depends on the structural features of the
machine and basic decisions that being made further
are to turn off a power of a machine to make it stop
completely or also making adjustment to
depreciation system if such possibility is available.

Turning power off is a simple task that does not
require detailed consideration and can be solved by
many methods. Additionally it’s possible to envisage
interference to the process with a temporary stopped
mechanism, for example using physical rotation in the
opposite direction to a current movement of a drum or a
controlled reduction of speed of a drum, however, this
method has its drawback — it takes more time.

Adding a correction to amortization systems is
quite effective in the case of a wide range of
possible loading of a machine and when it’s required
to reduce, for example, the amplitude of movement
of the rolling element urgently. The basic idea of the
system is processing data from sensors that check
moving drum and transfer control signal to

amortization springs to increase their rigidity. Such
systems mainly required in industrial machines but
this decision finds its application also for everyday
use too.

4. Main points of the research

Currently, differential inductive sensor is the most
used in displacement measurement in washing
machines. However, it does have one undeniable
problem — need for mechanical contact with the
object.

In any design of the sensor, if sensor is not
connected to an object of measurement there’s a
need to return this pin to its original position in the
absence of measured displacement. For example, in
case of the simplest solution of this problem, usage
of springs, it is obvious that spring creates some
counteract to displacement of a measured object and
thereby distort measurement results. Also constant
loading of a spring leads to changes of spring’s
characteristics, first of all, change of an initial
stiffness, which again leads to a distortion of results
and, under the influence of external mechanical
forces accelerate the failure of the spring itself. It
also leads to a failure of machine itself what is
obviously an undesirable effect, resulting in
warranty or non-warranty repair, which in its turn
has negative financial and reputational consequences
for the manufacturer. It is also worth mentioning that
failure of a displacement sensor only can lead to the
need to not only repair of the sensor itself, but also
to more serious breakdowns in the system, which
was left without supervision.

Another way of using differential inductive
sensor is an inseparable connection of control object
and a sensor pin. This method is devoid of the above
shortcoming; however, is effective only in case of
strictly linear movement of the object. Any deviation
from the specified path leads to the displacement of
the pin itself, which in its turn causes more pressure
on one side of the sensor, and, most likely,
deformation and mechanical damage of elements
that bind the pin and the sensor. In case if deviation
is happening in more than one side — pin is
loosening, this obviously leads to a distortion of the
measurement and a failure of a sensor.

A common disadvantage of both systems is the
need of mechanical movement of the mentioned pin —
any option of mounting it (using bearings, etc.) faces a
need either to manufacture ideally identical elements,
or to the need to amend the measurement result (if you
consider the use of the sensor over time it is inevitable
and changes in the characteristics on which such
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adjustments are deducted which brings us to
corrections of corrections).

Considering mentioned above, the need of non-
contact measurement method that would not only
avoid mentioned drawbacks, but would also have
required characteristics for the complete replacement
of contact sensors is quite obvious. A possible
universal solution in terms of not only these factors,
but also the reliability and efficiency may be
inductive displacement sensor with ferrite core.
Simple construction (allowing mass production of it
and usage in domestic machines); resistance to the
main destabilizing factor that is specific for washing
machines — temperature; efficiency and high
sensitivity to the slightest movement, it can be used

not only for the above purposes, but also to measure
not only drum displacements in machines. Usage of
only one type of machine sensors also brings financial
benefits and technical and structural simplicity (and
ease of installation and technical maintenance).

An offered sensor consists of a metal conducting
plate attached to the moving part of the machine,
displacement of which should be measured; and a
coil with ferrite core directed perpendicularly to a
plane of a plate. Inductivity value of a coil is
proportional to a distance between the plate and the
core. This device, as already mentioned, can
measure the slightest movement of the measurement
object and mass production of parts that are used in
it is trivial and financially simple task.

Lcor

AXo = const

Fig. 1. Functional diagram of the proposed inductive displacement sensor with ferrite core

To get rid of errors caused by temperature
changes (effects which are most essential for this
type of sensors) proposes the use of two identical
coils (production of which is a real task at the
moment) on one ferrite core. One end of this rod is
directed perpendicular to the plate on a moving
subject, while the other - perpendicular to the similar
plate, but fixed (as the sensor itself) motionless by a
known distance. Thus, at any given time in the
system we have two parameters - the current rate of
inductor coil and directly measured static metric of a
model coil, which changes only under the influence
of external factors, and thus allows using elementary
arithmetic operations to make an amendment to the
resulting value. It’s easy to implement this design
and get rid of the need to memorize specific
reference values and compare them with current
parameters of movement and external factors that
have influence on a system, in order to get rid of the
need to support and handle a method standardized
by the Institute of Electrical and Electronics

Engineers as Transducer Electronic Data Sheet
(TEDS), which takes a lot of software and hardware
costs for solving cubic equations, which in its turn
improves performance and simplifies system design.

Currently widespread bridge circuits require rate
increase of quality factor, which is achieved by
increasing the frequency, but increased frequency in its
turn leads to increased influence of parasitic
capacitance and inductance, especially in the
conductors. This prevents the use of bridge circuits for
remote measurements. The proposed scheme decrease
the frequency of the test signal and is possible due to
compensation of in-phase component of the impedance
of the sensor, which can reduce the impact of parasitic
capacitance and inductance of conductors.

Testing of a test model of such sensor was performed
using 8-sectional coil with 240 turns around ferrite core
M400NN and aluminum plate with thickness of 1.5
mm. Based on these values the following characteristic
has been built, which shows considerable sensitivity of
the sensor even on small offsets.
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Fig. 2. Empirical experimental characteristic of inductive
displacement sensor with a ferrite core

The proposed system can also be used with serial
inductive displacement sensors of differential type.

Ferrites are wused in modern inductive
displacement sensors as magnetic materials of
differential-plunger type. This greatly reduces the
magnetic losses (loss in eddy currents (Foucault
currents)) due to the smaller (approximately ten
times) permeability than in  conventional
ferromagnetic alloys leads to increase of a number
of turns in the windings of the inductors, causing an
increase in parasitic capacitance in-between the
turns that shunts each of windings. Assessment of
capacity was made using precision microprocessor
bridge R5083 (PA "Rostok", Kyiv) by measuring
parameters of one half of the winding of a sensor by
Swiss company TESA, which is similar to a sensor
M-022, manufactured by LLC "Mykromeh"
(St. Petersburg) [1] at several frequencies.

This value of capacitance is 500 pF, which is
causing error (about 1 %, significantly higher than
the accuracy class of inductive sensor, which is
0.05) using a two-element equivalent circuit of the
sensor at a frequency of 10 kHz, or leads to reduce
of frequency of a test signal, resulting in decrease in
sensitivity. In addition, the high value of a capacity
in-between turns limits the length of connecting
cables. It should also be noted that as a measuring
circuit for measuring differential inductive sensor
used half-bridge diagram of the measuring voltage
amplifier in the measuring diagonal [2, 3], the
choice is dictated primarily to reduce the possibility
of error that occurs because of the limited signal
suppression factor of a general form by measuring
amplifier - bipolar power of a bridge.

In Fig. 3 there’s an embodiment of the proposed
inductive displacement sensor with a ferrite core and
analog-to-digital interface that processes the signal
from it, where:

e L, 1 and C; — scheme of replacement of a coil

(respectively, inductance, active resistance and
capacitance), which is wused for displacement
measurement.

e [, r; and C, - scheme of replacement of a coil
(respectively, inductance, resistance and capacitance),
which is used for measuring model input parameter of
the sensor. Ideally its parameters remain unchanged.

e Ry - model resistance, which is being used for
correction of errors of measurement.

e Ry, - shunt.

¢ K, - analog switch using which the input system
gets either measured signal or model one. Managed by
microprocessor. Switching frequency synchronized with
frequency of current network.

e 1y 1o, IT3 — resistance of communication lines.

o [, —current source.

e “—1”—analog inverter.

e C.and R, — variable volume and resistance, which
are used for initial and periodic calibration of a system.

e R;and R, —two identical resistors (R; =R, =R).

e K, and K; — analog switches, which allow
virtually switch places of resistances R in scheme, which
allows level their possible non—equality. Controlled by a
microprocessor. Switching frequency is in two times
greater than switching frequency of K.

e OA | and OA, R; — operational amplifiers and
resistor together with resistors R, and R, and K, and
K; keys form a measuring amplifier with differential
current inputs (inverting input of OA; is a non—
inverting input of the measuring amplifier, and
inverting input of OA, is an inverting input)
(hereinafter: the measurement amplifier).

e MUX — analog multiplexer, which has voltage
from the first and second outputs of the measuring
amplifier and also a common point of a scheme on
its input.

o [IC, lIC, IIC; — iterative integrating converters.

e SD; and SD, - two half—periodical
synchronous detectors.

e DPS — divider—phase splitter that is being
controlled by microprocessor. Signal synchronized
with signal of a power network (~50 Hz).

e ADCs — analog-to—digital converter with
simultaneous sample.

e uP — microprocessor.

e SNV - synchronization with the network
voltage block.
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Fig. 3. Functional diagram of the sensor and the analog-to-digital interface for it

The output of the sensor has two signals at the
same time: either the signal from the measuring coil
or from a model one and a signal that has passed
through a model resistor Ry This makes possible
both the consideration of the temperature error of the
measurement coil using the model coil and
correction of the temperature error of the sensor in
general using the model resistor. It should be noted
that this correction takes place in real time and does
not require operator intervention. Also it’s possible
for operator to perform preliminary and periodic
calibration of the system using variable resistor R
and capacitance Cy. Automation of the calibration is
also possible, but it complicates the system and
requires specific set of pre-defined values e.g. the
use of TEDS), which leads to structural redundancy
of a scheme and have no exigent need.

IIC, gets rid of the impact of odd harmonics in a
test signal through the formation of a
synchronization frequency of IIC; three times less
than frequency of 11C, and IIC;.

A test signal of a transducer is being formed by
the shunt Rg,.

On the first step of the work switch K| is set to 1,
current in the first coil is fed to the non-inverting
input of the measuring amplifier, and the current of a
model resistor is fed to the inverting input of the
measuring amplifier. The outputs we get

U = U,R
! rﬂ1+r1+j(0L1,

where U, — the voltage at the first output of the
measuring amplifier, Uy — input voltage of the
sensor, 71, — resistance of corresponding connection
line, »; — resistance of a corresponding coil, L; —
inductance value of the sensor’s coil at the particular
moment, and

U2 :RC Um - Um =
R0+I”ﬂ2 I"ﬂl‘f‘rz‘f‘j(DLz

I"ﬂl +I’2—RO—I”]]2 +j(0L2

=R-U
Ry 1y g + 1+ jOLy)

where U, — voltage at the second output of the
measuring amplifier.

Uy _ (rﬂl +7r—R =7, + jol)Re
U, (Ry +ry,)R

Taking only the imaginary part of the relationship
and implementing measurement signals from both

coils get
Im{&} _R_al,
U, R (R+r,)
Im{&} _R_al,
UjJ, R (R0+rﬂ2)

By following mathematical operations, we can
change the ratio of the inductance of the coil to the
original inductance value, which is directly
proportional to the relative displacement of the
object of measurement, if L, = L = const, and
Ll =L+AL

Im{Uz} —Im{UZ}
PSR-V 7% Pl U79 2

= =




74 ISSN 1813-1166 print / ISSN 2306-1472 online. Proceedings of the National Aviation University. 2015. N 3(64): 69-75

where d — measured relative displacement.

The most important parameter of the proposed
scheme is its structural simplicity and economic
advantage that comes out of it. Submitted operations
may conduct with a simple and cheap
microprocessor, reed switches allow you to toggle
switches without loss of information or time (due to
time delay of integration in the ADC for one period
of the test signal), it’s possible to actually produce
coils and resistors with rather similar parameters
nowadays; also their imperfection compensated by
standard methods of prior calibration with usage of
piecewise linear approximation.

5. Conclusions

From all that mentioned above we can conclude that
the measurement of displacement in washing
machines is necessary and actual task. Justification
of it can be found both in industry and in private,
domestic sphere. Contact inductive sensors that are
being used at the moment have their advantages, but
also have significant drawbacks, and main of them is
inability to work at low frequencies because of need
to increase value of a quality factor by increasing the
frequency of the test signal because of the influence
of the quadrature component (additionally
piezoelectric transducers have significant errors at
frequencies less than ten Hz) and an unreliable

design considering their scope. However, it should
be noted that this low frequency (0-20 Hz) is mainly
required to control the movement of the drum
machine.

An alternative resolution of remote measuring of
movement is non-contact inductive displacement
sensor with ferrite core which is mounted in a way
to have also a model signal processing which can
significantly simplify the design of the machine
which reduces the cost of the product in general, that
in its turn, is an important factor in our time.
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JI.IL. Opuarcekwuii', I.B. Faspuiios’. Ananorosuii inTepdeiic iHIyKTHBHOIO 1aTUYHKA NepeMillleHHsI
'HarionamsHuii aiamiitamit yHiBepcurert, npocn. Kocmonasra Komaposa, 1, Kuis, Ykpaina, 03680

E-mails: 'ornatskydp@gmail.com; “sagot7@gmail.com

VY cTarTi ONMcaHO JATYHMKH IIEPEMILICHHS Ta BAKIIMBICTD BUMIPIOBaHHS MIEPEMIIIICHHS K Y aBiamiiHiiA IPOMHCIOBOCTI,
TaK i y UMBUIBHIN. Y mepiuii 4acTHHI CTaTTi 3po0JIeHO aKIEHT Ha HUBUILHOMY 3aCTOCYBAHHI ONMCYBAaHMX JATUMKIB 5K
HaWOUIbII TOKAa30BOMY. Y MeXax W€l 4acTWHHM CTaTTi PO3IJISIHYTO Pi3HI TUNM NPAIBHUX MAIIMH, BaXIIHBICTh
KOHTPOJIIO PI3HUX MapaMeTpPiB Yy HUX Ta MOXKIUBI Pe3yJbTaTH MOJOMOK TaKHX MaIIWH. TaKoX OIJISHYTO CydacHi
JaTYMKW NepeMillleHHs y [iH cgepi, nepeBarn Ta HEAOJIIKN CyYacHHUX pillleHb, MOXIJIUBOCTI JUIsl PO3BUTKY HOBUX THIIIB
JMATYUKIB Ta BIANOBIIHUX AaHAJIOTOBHX iHTepderciB. 3ampormoOHOBAaHO HOBUH aHAIOTOBHH iHTepdeiic pasoMm i3
IHIYKTUBHUM JIaT4YUKOM IepemimieHHs. Omnue, cxema, rpadik BHXITHOrO CHrHay Ta (opMylia IiJKpPIIUTIOITh
3amnporoHoBaHe pimeHHAa. Ha ocHOBiI HaBemeHoi iHQopmarii 3poOiieHI MMO3UTHBHI BHCHOBKH MO0 MOMIIHBOCTI
KOPHCHOTO 3aCTOCYBaHHS 3aIIPOIIOHOBAHOT CXEMH.

Kuro4oBi ciioBa: aHajgorosa cucTeMa; JaTYrK IMEPEMIIICHHS; IHIYKTHBHICT; POTOPHA IpallbHa MaIlIHHA.

JI.IL. Opnarcekuii', L.B. FaBpuiios’. AHaoroBelii HHTep@eiic HHAYKTHBHOIO IATYMKA NepeMeleHust

L HanuoHaNbHbIH aBHALMOHHDIN yHuBepcurert, npocin. Kocmonasra Komaposa, 1, Kues, Ykpauna, 03680

E-mails: 'ornatskydp@gmail.com; “sagot7@gmail.com
B crarbe omnMcaHbl JAaTYMKM NEPEMELIEHHS M BaXXHOCTb M3MEPEHUS IEPEMEILEHUS KaK B aBUALMOHHOM
NPOMBIIUIEHHOCTH, TaK U B IPaXXJAHCKOH. B nepBoi yacTW cTaTbu aKLEHT CHEJaH Ha IPaKIAHCKOM IPUMEHEHUH
OTMCBHIBAEMBIX JATYMKOB KaK HamboJiee MOKa3aTeIbHOM. B paMKkax 3TO# 4acTH CTaThH PaCCMOTPEHBI Pa3IHYHBIC THITHI
CTUPAJIbHBIX MAILIMH, BaXXHOCTh KOHTPOJIS Pa3IMYHBIX MMAPaMETPOB B HUX M BO3MOJKHBIE PE3YJIbTAThl MOJOMKHA TAKUX
MamuH. Takke pacCMOTPEHbI COBPEMEHHBIC NATYUKH IMEpEeMEIeHHs B 3TOW cdepe, MperMyInecTBa M HEIOCTATKU
COBPEMEHHBIX pEUIEHUH, BO3MOMXHOCTH pa3BUTHUS HOBBIX THUIIOB JaTYMKOB M COOTBETCTBYIOIIMX aHAJIOTOBBIX
uaTepdeiicoB. IlpeuiokeH HOBBIN aHAJOTOBBIN WHTEpQEHc BMECTE C HHIYKTUBHBIM JaTYUKOM ICPEMCIICHHS.
Onwucanue, cxema, rpaguK HCXOISIIETO CHTHANA U (opMylia MOAKPEIUIIIOT MPeIoKeHHOe penreHue. Ha ocHoBaHuM
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MPUBEICHHON WH(GOpMAIMKA CAETAaHBl IIOJIOKUTENBHBIE BBIBOABI OTHOCHUTEIBHO BO3MOXKHOCTH TPHUMEHEHUS
TPE/JI0KEHHON CXEMBI.
Kiro4eBble cJI0Ba: aHAIOTOBAs CUCTEMA; JATYHK [TEPEMEIIEHIs; HHIYKTUBHOCTh; POTOPHAs CTUPAIbHAS MAIIHA
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