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Abstract: When measuring biaxial tension, it is necessary to measure the relative elongation in several directions, for
which resistance strain gauges are used. Measurement with resistance strain gauges is based on the change in resistance
of the electrical conductor when a deformation occurs. This paper discusses the design of a device for determining the

strain sensitivity of resistive strain gauges, which we call the k-factor.

1 Introduction

Measurement with resistance strain gauges is based on
the change in resistance of the electrical conductor under
deformation. The change in conductivity of metals during
deformation was discovered as early as 1856 by Thomson
Lord Kelvin. In about 1937, A. Ruge in Massachusetts
glued a wire to a paper backing and attached the ends of
the wire to feeder wires of larger cross-section. This
provided the basis for the manufacture of resistance strain
gauges. The rapid development of the aerospace and
automotive industries has increased the demands on
experimental stress analysis. Resistive strain gauging was
one of the avenues. This was driven by the development of
new strain gauge apparatus and strain gauges for different
purposes. The high measurement accuracy made them
attractive in the field of sensor construction in
measurement technology.

Measurement with resistance strain gauges is based on
the change in resistance of the electrical conductor under
deformation. The magnitude of the deformation of a
structural element is determined from the change in
resistance of the applied strain gauge on the surface under
test, which is usually measured when connected to a
Wheatstone bridge. Three basic types of strain gauges are
used today. These are strain gauges with a wire which is
adhered full length to a support, strain gauges in which the

winding is formed by etching a pattern from a thin foil, and
finally strain gauges in which the wire is fixed by its ends
to the support but is free throughout its length [1,2].

For biaxial strain measurements where it is necessary
to measure the relative elongation in multiple directions,
strain gauges are used that have three or four windings
suitably oriented and bonded to a single pad. The windings
may be glued not only side by side but also on top of each
other. The material of the wire windings is usually chosen
from copper-nickel alloy, or nickel-chromium, iron-nickel,
or others as appropriate. Each kind has different properties
in something. Some have greater sensitivity, others have a
greater linear range, others have a higher allowable
elongation, they also differ in their physical properties
when the temperature changes, etc. [1-4].

1.1 Physical principles of resistance strain
gauges

The strain gauge strain measurement is based on the
assumption that the strain of the object under test is
transmitted losslessly to the strain gauge. The prerequisite
is a firm connection between the strain gauge and the object
to be measured. In most cases, it can only be measured on
free and unloaded surfaces of the measured objects. The
required firm connection between the object to be
measured and the strain gauge is best realized with a
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special adhesive. In the case of plastic objects or concrete
structures, the strain gauge is cast into the model or
concrete. In the latter case, special strain sensors in the
form of a capsule are required. Other means and methods
of fixing are mainly limited to special areas of application,
such as ceramic means. For high temperature
measurements, spot welding is used. In these cases, special
strain gauges are required [3-5].

1.2 Measurement chain

The deformation transmitted from the measured object
to the strain gauge causes a measurable change in electrical
resistance in an electrical resistance strain gauge. The
deformations to be measured by the strain gauge are
usually very small, and as a result the changes in resistance
are also very small and cannot be adequately measured by
the direct use of an ohm meter. It is therefore necessary to
use a so-called measuring chain, which allows the small
resistance changes of the strain gauge to be determined
accurately.

analogue display
auxiliary energy source ﬂ

digital display

strain gauge bridge

amplifier

recording device

strain gauge | signal processing part i output
!
L T T 1

Figure 1 Measurement chain diagramfor strain gauge
measur ement

The above description of the measurement chain shows
only schematically the necessary parts. In practice, the
measurement chain often contains various accessories such
as a device for switching the measuring point, filters,
memories for storing maximum values, recorders, etc. In
addition, electronic data processing systems may be
connected instead of indicating instruments, with various
possible uses [2-5].

2 Strain sensitivity of resistance strain
gauges

21 Longitudinal sensitivity

The operation of resistance strain gauges is based on
the Wheatstone and Thomson effect of the interdependence
of the relative strain and resistance in an electrical
conductor. Each electrical conductor changes its resistance
as a result of mechanical loading. The ohmic resistance R
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(1) of a resistive conductor depends directly on the
conductor length [, the specific resistance p and indirectly
on the cross-sectional area A (R = f(p, l,A)) [1].

Thus

l
R=p. (1)

The differential of the above function expresses the

change in resistance (2)

dR = aRd +6Rdl+aRdA
“p P T " aa )
C @)
=—dp + —=dl — — dA.

AP T
The proportional change in conductor resistance is
proportional to the proportional change in conductor

length, then (3)

drR dp , dl dA
L + SR —
R_p L A 3)
drl a7
l l
dl . P . .
where T=5 then strain sensitivity of resistance strain

gauges k- factor is (4)

d_p+£_dA

A
Ay 4)

A fully satisfactory explanation for the change in
resistivity has not yet been found. De Forest gives a linear
dependence between the proportional change in resistance
and the proportional change in length by the expression (5)

L =9—=9e 5)

Determine the relative change in cross-sectional area of
the conductor, Figure 2

b2

Figure 2 Changein conductor area before and after
deformation

The change of area A, will be (6)

Ay = (a — Aa)(b — Ab)

Aa Ab
Ca(1-f)(-2) ©
a b
We know that Aa—a and %b is the relative cross-sectional

constriction of the conductor, for which we can write (7)
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According to the infinitesimal calculus, we can neglect
the very small terms in the above expression (u%e? =~ 0), ,
the relative change in area will be

dA _ Ag—A  A(l—2pe) —A

=— . 8
1 " N 2ue 3

Equation (8) is substituted into (4) to obtain
k=9+1+2u 9

In equation (9) for the plastic region, ¥ = 0 holds

Bridgman, in his investigation of high pressures in
liquids as early as 1917, pointed out the linear dependence
of the change in resistance on the all-round pressure, i.e.,
on the change in the volume of the conductor (10).

dp av
—=c—

10
i (10)
The volume of the conductor V = Al is a function of
the variables V = f(4,1), for which we can construct a
differential equation of the form (11)

dV—anA+6le—ldA+Adl (11
T 04 al '
Then we get the k-factor in the form (12)
dp dA
p e (12)

k= =c(1-2w)+1+2u

Since Bridgmann's constant ¢ is constant for a certain
material type and processing, the deformation coefficient
in this case is just a function of the Poisson number. The

expression c¢(1 —2u) represents the piezoresistive
phenomenon characteristic of semiconductors. The
expression (1 + 2u) represents the deformation

phenomenon characteristic of electrical conductors.

2.2 Transverse sendtivity

Strain gauges should respond by changing resistance to
deformation only in their active direction. The term 'active
direction' should be understood for resistance strain gauges
to always be in the direction of measurement or the
resistance filament of the strain gauge.
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Active strain gauge direction

l I |

Figure 3 Active strain gauge direction

Consider a winding that is simplified so that the loop is
formed orthogonally. The length of the strain gauge is [,
so the total length of the winding parallel to the
longitudinal axis of the strain gauge is nl;, if n is the
number of wires [1].

The length of the strain gauge is determined by the
dimension nl; + I, = l ., where [; is the length of the
active part of the strain gauge in the longitudinal direction

and [, is the length of the active part of the strain gauge in
the transverse direction. Determine the proportional
change in resistance [5,6]

AR_kA%m_ k
R lcelk

(AL + AL), (13)

lcelk

where Al is the total elongation of the strain gauge
filament, i.e. Al; = n,l;&; and Al, is the total shortening
of the filament in the transverse direction, i.e. Al, = L, ¢,.
Let us denote by & = & Then, based on the dependence
of the longitudinal elongation of the filament and the
transverse shortening of the filament (14)
& = THE = —HE. (14)
The proportional change in resistance can then be
expressed as (15)

aR__K (nylyg + Lyey)
R nl+1, Mfé T 8 (15)
= m(%hf — Lue)
where
_ kngly
1 — )]
nl, + 1,
kL (16)
2l 41
then
AR
& = Kie—Koue = Ke, (17)

K=K ({1—-puy) and y= 2—? is the transverse

sensitivity defined as the ratio of the strain sensitivity K,
perpendicular to the measurement direction and the strain
sensitivity K; in the measurement direction.
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3 Determination of deflection of a beam

with a constant internal bending moment

Determination of the strain coefficient of a resistance
strain gauge is most conveniently made by means of a
beam subjected to pure bending. The condition for pure
bending is that a constant bending moment M, is applied
in the internal cross-section of the beam.

Experimental determination of the k-factor requires
determination of the deflection of such a beam.

The progression of the bending moment functions is
shown in Figure 4

indicator

strain gauge
E w “\ S / v
N v

Mi(x)

Figure 4 The course of bending moment functions

The deflection of a given beam is expressed by the
relation (18)
Fal?

" 8EJ,’

_bi®
zZ7 12"

(18)
The deflection W itself can be determined by measurement
on the beam, for example by using a needle indicator.

The force is (19)

8EJ, _ 2EbK’

w=——w,
al? 3al?
where w is the value read from the needle indicator.

19)

The next procedure in determining the k-factor requires
knowing the relative fiber elongation at the point of strain
gauge application. The relative fiber elongation can be
determined from Hooke's law. The normal stress from
bending in the region under study is (20)

M,  6Fa

W,  bi?

Z

o= (20)

where W, = bh? /6 is the cross-sectional modulus of the

cross-section of the beam.
The relative deformation after adjustment will be (21)
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_—Fa_4h
s—WoE—lzw.

Z

2y

The k-factor is usually determined on strain gauges
applied to a beam loaded in pure bending. Therefore, it is
necessary to wire the strain gauge to sense only small
strains due to bending to the exclusion of other types of
stresses.

One strain gauge, is glued to the tension side of the
beam and the other to the compression side of the beam
(Figure 5).

aparatura

Figure5 Strain gauge wiring for measuring bending stress
excluding tension and temperature change

The strain gauges are connected to a Wheatson bridge,
the schematic of which is shown in Figure 6.

Figure 6 Wheatstone bridge diagram

The bridge consists of four resistive branches, a power
supply and a sensitive galvanometer. In two of them we
place the strain gauges. In the schematic they are labeled
&4, &, and are represented by resistors R; a R,. The stress
increment on the galvanometer can be determined
according to the relation (22)

AU, == C(g, — & — & + €4), (22)
where ¢;, i = (a,b,c,d) are the resistances of the
individual branches of the Wheatson bridge.

In the upper branches of the bridge, the resistance

changes are due to changes in the length of the outermost
fibres on the beam. They can be calculated as follows (23):

£a=£t_£o+£T'

& =¢& +¢&, +é&rp, (23)
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where ¢, is induced by tension, ¢, bending and &; by
temperature change. The changes in resistance in the lower
branches are equal to (24)
& =0, g=0. 24)
&, €4 are represented by resistors R5, R, and are part of the
apparatus. The above circuit is said to be a so-called half-
bridge circuit.
By modifying equation (22) we get

du, = C(—2¢,). (25)
In the apparatus we use to measure the strain gauge
deformation, we set an arbitrary value of the k-factor that
is close to 2 and denote it by k,,. We then read off the

measured value of the relative strain &, from the

apparatus. We know that the relative change in resistance

AR

7 (26)

= Kap- €qp = ke.

If the expression (21) is substituted into equation (26)
for the proportional deformation, then, after adjustment,
we get (27)

Eapl?

B 27)
P 4hw

k=k

Rozmery obdiznikového prie¢neho prierezu nosnika
sme zvolilib = 20mmah = 10 mm.

The dimensions of the rectangular cross-section of the
beam were chosen as b =20 mm and h = 10 mm.

switch a balance unit
$8-10

strain gauge

strain indicatar

loading device

Figure 7 P-3500 and SB-10 Load Cell and Measuring Assembly

For the experiment, we used the SB-10 (SWITCH A
BALANCE UNIT) junction box and the P-3500 (STRAIN
INDICATOR) apparatus from Measurements group,
Instruments division, Raleigh, NC (Figure 7). The system
is designed for static measurements, with the option of
connecting strain gauges to a quarter, half, or full bridge
[7-11].

A description of the loading device is given in Figure 8.
In this device, the load on the beam is induced by a load
bolt.

needle indicator

lozding shouldars

Figure 8 Beam clamped to the loading device

Using the P-3500 apparatus, we read the values of the
relative deformation €,,, as a function of the deflection w;.

The measured values are shown in Table 1. The deflection
w; is read using a needle indicator.

Table 1 The measured values
Order of
measutement| | | 5 | 3 | 4 | 5 | 6| 7|8 | 9|10
Measured
quantity

w; [mm] S 10| 15| 20| 25| 30 | 35| 40 | 45| 50

sap-lo_(’ 5.3(10.6|16.2|21.5|26.7|31.7|37.8|42.3|48.9|53.5

From the measured values shown in Table 1, we based
the calculation of the actual relative deformation ¢, and
the corresponding value of the k-factor k,,;. The value of

Ecq1 (28) was calculated according to equation (21)

4h

Ecal; = 1 Wi.

(28)

The k-factor values for each measurement will be (29)
(see Table 2)

ko, " €
_ ap api
kcali - . (29)
Scali
Table 2 The calculated values
Order of
measurement
Calculated 1 2 3 4 5 6 7 8 9 10
quantity
Ecayy 79 | 1581237 |31.6|395|474 553|632 71L.1| 79
kcai, 1.87| 1.88 | 1.85| 1.86 | 1.87 | 1.89 | 1.85| 1.89 | 1.84 | 1.87

The calculated magnitude of the k-factor was computed
using a weighted average and is k.,; = 1.88.

4 Conclusion

The proposed methodological solution procedure for
determining the k-factor of strain gauges is correct. The
strain device is fully compliant for the determination of the
factor. Of course, there are other ways of determining the
k-factor , but the above procedure is fast and efficient.
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Mastering this methodology provides a suitable tool for
solving problems of teaching and practice.
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Abstract: A linear solenoid electromagnetic actuator is a device for creating a linear reciprocating motion with a force
effect. It contains a moving part consisting of a permanent magnet in the housing, threaded spacers, threaded rods, nuts
for adjusting the stroke of the actuator and the hanging eyes of the actuator. The device further comprises a non-moving
part formed by the coil body, the left actuator coil winding, the right actuator coil winding and the actuator cover, the
sense of winding the left actuator coil winding opposite.

1 Introduction magnet into this coil, the magnetic field of the coil and the

Solenoid linear electromagnetic actuators are often ~Permanent magnet interact, and thus, its movement
used in mechatronic systems, which are mostly formed by ~ depends on the polarization of the coil and the permanent
a single coil and a ferromagnetic core which is inserted into ~ magnet. The length of the coil with both windings is twice
the coil by an electromagnetic field. The return movement  the length of the permanent magnet, and so when moving,
is provided by a spring. The disadvantage of such solutions ~ the magnet is moved between two extreme positions inside
is that the resulting force is smaller by the value of the force  the device. Attached to the permanent magnet are threaded
required to compress the spring. At the same time, when ~ rods with suspension eyes, by means of which it is possible
moving backwards, the force is limited by the value of the ~ to transmit the movement of the permanent magnet to the
stiffness of the spring and its deformation [1-6]. device to be moved (Figure 1) [6].

2 Principle of operation
The linear solenoid electromagnetic actuator with R_\
differential series-connected windings and a permanent

L . . f
magnet is intended for the transformation of electrical ,
energy into mechanical work in the form of a linear -
displacement with a force effect (Figure 1). The >

fundamental of this actuator lies in the fact that the electric
current passing through the actuator coils and the magnetic
field of the coils interacts with the magnetic field of the
permanent magnet, thus causing mutual movement
between the actuator coils and the permanent magnet. The
actuator has a coil body divided into two equal halves, with
the left half of the coil containing a left-handed wound of
enamelled copper conductor and the right half of the coil
containing a clockwise-wound winding of the same
enamelled copper conductor. Both coils are electrically
connected in series, which Creat?S a magnetic field with rod; 4 - Actuator stroke adjustment nut; 5 - Actuator hanging eye; 6 -
three poles when the same electric current passes through Actuator coil body; 7 - Left winding of the actuator coil; 8 - Right
these coils, with two poles at each end of the coil and one winding of the actuator coil; 9 - Actuator cover

in the middle of the coil between the windings. After  Figure 1 Linear electromagnetic solenoid actuator arrangement
inserting the core from the rod axially polarized permanent

1 - Permanent magnet in the housing; 2 - Threaded adapter; 3 - Threaded

~57 ~
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The advantage of the solution is that, unlike
conventional solenoid actuators, which consist of a
ferromagnetic core with a single-coil, this actuator contains
a rod axially polarized permanent magnet with two
differential series-connected windings, which allows
greater force effects while making better use of the
permanent magnet magnetic field.

3  Actuator implementation

A prototype of a linear solenoid electromagnetic
actuator with differential series-connected windings and a
permanent magnet (figs. 2, 3) was created, which consists
of a permanent magnet (1) in housing and which is
connected on both sides by riveting to threaded spacers (2).
A threaded rod (3) with the actuating eyes (5) of the
actuator is attached to both threaded spacers (2). Nuts (4)
for adjusting the actuator stroke are also located on the
threaded rods (3). The assembly of the permanent magnet
(1) in the housing, threaded spacers (2), threaded rod (3),
nuts (4) for adjusting the actuator stroke and actuator
eyelets (5) forms a moving part of the actuator and is
inserted into the carcass hole (6) actuator coils. The
actuator coil body (6) comprises a left actuator coil
winding (7) and a right actuator coil winding (8), the sense
of winding the left actuator coil winding (7) being opposite
to the right actuator coil winding (8), thus achieving a
specific magnetic arrangement coil field. The frame (6) of
the actuator coil, the left winding (7) of the actuator coil
and the right winding (8) of the actuator coil are covered
by the actuator cover (9) (Figure 2).

1 - Permanent magnet in the housing; 2 - Threaded adapter; 3 - Threaded
rod; 4 - Actuator stroke adjustment nut; 5 - Actuator hanging eye; 6 -
Actuator coil body; 7 - Left winding of the actuator coil; 8 - Right
winding of the actuator coil; 9 - Actuator cover

Figure 2 Actuator winding and plunger with permanent magnet

After activating the actuator by the passing current, a
magnetic field is created around the left winding (7) of the
actuator coil, and the right winding (8) of the actuator coil
and the interaction of the magnetic field of the permanent
magnet (1) in the housing creates actuator stroke. The
actuator stroke can be adjusted using the actuator stroke
adjustment nuts (4) according to the needs and application
of the device. The frame (6) of the actuator coil comprises

on both sides a mounting shoulder for application. It is
assumed that the frame (6) of the actuator coil is firmly
held as a non-moving part. The moving part of the actuator
consisting of a permanent magnet (1) in the housing,
threaded spacers (2), threaded rod (3) and nuts (4) for
adjusting the actuator stroke and actuator eyelets (5) is
attached by means of actuator eyelets (5). to the moving
part of the selected application (Figure 2, Figure 3).

Figure 3 Virtual model of the actuator and permanent magnet

Figure 4 Implementation of an in-pipe robot for locomotionin
the pipeine
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The device, according to the proposed solution, can be
used to create a linear reciprocating motion with a force
effect in applications where it is necessary to move the
masses between two defined end positions. An example of
such an application is an in-pipe robot for moving in a
pipeline, which uses this actuator to perform a movement
in the pipeline in order to transport objects to the pipeline
or inspect the pipeline (Figure 4).

4 Experimental examination

The aim was to experimentally investigate the traction
force of such an actuator depending on the position of the
magnet relative to the actuator coil. The design of the
actuator (Figure 5) is designed for application in an in-pipe
robot. The permanent magnet is axially polarized and is
made of NdFeB material. During the measurement, the
actuator was held in a holder, and the ends of the permanent
magnet were attached to a bowl with weights using a
system of cable and pulley. Using a suitable combination
of weights, a loading force was created, and the actuator
was tested in the experiment to see if it could exert a force
to lift this weight (Figure 6).

Permanent Coil Coil
magnet winding Isolation frame
Power
supply
2
[ s S .............. J- s B 8
\ a1
board Cover
S N N S
(N) (S) () (N)
L. A
Y
e — o
s w
Y
20
-
E\ Permanent magnet d
T -
/ 10 s
Figure 5 Arrangement and dimens ons of the actuator coil and
magnet

The actuator was excited by a constant electric current,
which was shaped by the control unit in the form of
switching pulses. Excitation by a constant electric current
is very important because due to the flowing current, the

coil of the actuator winding heats up and thus its electrical
resistance changes, which would mean a decrease in the
magnitude of the electric current when excited by a
constant voltage source since it is known from
electromagnetic field theory that the strength of the
magnetic field depends on the electric current flowing
through the coil of the actuator winding.

|—®|ﬁ

Power
supply

Actuator

Control
unit

Holder

Weights Weights

Figure 6 Measuring chain arrangement

The actuator loading was performed first from the left
side and then from the right side (Figure 6). The load was
increased by adding weight until the maximum weight that
the actuator was able to lift at the set position of the
permanent magnet relative to the actuator coil was
determined. The maximum developed force of the actuator
was 0.85 N when excited by a constant electric current of
1A and corresponded to the central position of the
permanent magnet with respect to the centre of the actuator
coil. The measured values were approximated only by the
spline curve, as it is quite complicated to describe this
course by one regression function (Figure 7).

Solenoid coil traction force

0.9 - T
-------- —s—Force Left
g 3 +For§e Right _._
pry S PRESEES IR | ) ST L | TR TR o
4
St
cl.
2
L4
51
jud
(=
L¢]
-15 -10 -5 0 5 10 15
Permanent magnet midpoint position from centre of
coil (mm)

Figure 8 Dependence of the traction force of the actuator on the
position of the centre of the permanent magnet relative to the
centre of the coil

From previous measurements (Figure 8), it is clear that
the optimal position for the use of the actuator in terms of
achieving the maximum value of traction force is when the
centre of the permanent magnet is in the centre of the
actuator coil.
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When applying this actuator, it will perform a certain
stroke around this optimal position. This mechanical work
will therefore be used for a specific application. From the
point of view of the application, it is important to know the
dependence of the magnitude of the traction force on this
stroke. It is assumed that the achievable force will decrease
with larger strokes.

This experiment was carried out in such a way that the
stroke limit was set with the adjusting screws, and the
actuator was tested for the maximum load that the actuator
was still able to develop.

Solenoid coil traction force for various stroke

0.85
0.83
0.81
0.79
0.77
0.75
0.73
0.71
0.69
0.67
0.65

Traction force (N)

1 2 3 4 5
Motion stroke from center position (mm)

Figure 9 Dependence of the traction force of the actuator at the
stroke height around the centre position of the coil

The experiments (Figure 9) confirmed that the traction
force decreases with increasing stroke as the permanent
magnet moves further away from the centre of the coil.
This dependence therefore makes it possible to assess the
suitability of this actuator for a particular application. If the
required stroke is known, then it is possible to determine
the traction force that can be developed by this actuator.

S Conclusion

The obtained experimental dependence shows:

1. The functional dependence acquires in the middle
position (the radial axis of the magnetic core is identical
with the radial axis of the coil). This is shown as a
significant extreme, i. weight of weight resp. the equivalent
force with which the actuator can still move.

2. The whole magnetic core is inserted into the coil in
the working position, which makes much more use of the
magnetic properties of the permanent magnet.

The designed arrangement of the solenoid actuator thus
provides energetically better use of the magnetic field of
the permanent magnet coil. This fact can be an advantage,
especially with miniaturized sizes of this type of actuator
[7-24].
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Abstract: The article deals with the solution of an application for a building security system, which is solved using a
programmable logic controller. A ladder program design for this application is created, and an application for the HMI
touch screen is also designed. The application is tested on a simulation model in a software development environment. A
training station system was used for practical prototype tests, which includes a programmable logic controller, HMI touch

screen, profinet switch, power supply and other accessories for testing purposes.

1 Introduction

The gradual development of human society has also
been reflected in the expansive development of modern
technologies, which have become an integral part of our
lives. We got used to most of the gains so quickly that we
took them for granted. This fact does not only affect
ordinary computers, mobile phones or other white goods.
It works similarly in industrial engineering.

Without the use of automation elements, production, as
we know it today, would not be possible. It would not be
possible to produce so many products in such a short time,
with such precision, if all these tasks were to be done by
man. We have to admit that machines are more efficient.
But still, there has to be a person at the top. In this particular
case, the PLC programmer. As PLC (acronym from
Programmable Logic Controller) is a frequently used tool
for controlling robotic arms, conveyor belts and entire
lines, it has also become a major player in mechatronics.

The implementation of PLCs began in the 80s of the
20th century, but their origin dates back to the 70s. The first
company to address this issue was General Motors. In
1968, it announced a competition, the task of which was to
build a control system as a replacement for the hitherto
used relay, the reprogramming ability of which depended
on the design and electronic connection. If changes were to
be made in the activities, the cabling had to be changed,
which was still often very confusing. Also, the switching
of the relay is not infinite and has a limited number of
cycles. Therefore, finding the relay that was not working
caused a lot of maintenance problems.

Today, human activities are often replaced by
machines. Since the trend is to mechanize and automate, a
great means has proven to be PLC automation. We can
meet him in every part of the industry, from the control of
conveyor belts and robotic arms in the automotive industry,
through the automation of filling and transfer machines in
the food industry, to applications in smart homes from

water heating to the opening of windows depending on the
time of day. They are mainly used in places of industry
where it is necessary to work with a large amount of
information from sensors, as they offer a large number of
inputs and outputs, whether digital or analog (Figure 1).
Also, the PLC version is very advantageous, as they can be
easily enclosed in a large box, called a rack, and so they
can be placed in larger halls. In this way, they are protected
from unauthorized access. Also, the entire main cabling
can be stored in this way, which protects the entire system
from moisture, dust, other electronic devices or vibrations.

Relays, motor starters, solenoid valves actuators (AC,
DC motor, Pump, Pneumatic, Hydraulic, ...)

*-‘!f'.. “é’o vEsed

Indicator light; Signal

column - Tower Light
Indicator, buzzers
i

» § ==
zo. 24

-

)
"4

Sensors, limit switches Push buttons, selector switches, emergency stops

Figure 1 PLC in conjunction with sensors, actuators, controls
and output modules

HMI touch screens (Human-machine interface - HMI
panel), which are currently an integral part of the PLC, are
also used together with the PLC. HMI touch screens are
devices with sensitive touch screens for operator input and
are usually mounted so that they can be operated by
personnel or operator. They provide a visual graphical
interface with up-to-date information about the controlled
device and controls and allow easy operation and selection
of device operation options [1-3].
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2 Building security system

A security system is proposed for the complex, which
will be monitored by staff (Figure 2). The complex has
three possible inputs. During the day, people and
employees enter the complex, but after a certain hour,
when the staff activates the security system, no one will be
allowed to enter the building without triggering an alarm.
If someone still enters the building, an audible alarm will
sound, accompanied by warning lights. The staff will also
need to know the exact location of the breach in order to
intervene properly. The created program will have to be
executable and stoppable in the HMI display environment,
as it should only work at a certain time of day. We also
have to count on three entrances to the complex, the
opening or closing of which we will simulate with the
buttons. If the intruder enters the complex, this security
breach will trigger the siren, which will simulate an audible
alarm, and light up the LEDs on the training module, which
will simulate the warning lights. The entire condition of the
building will be monitorable using the HMI panel.

Figure 2 Building security system

In order to be able to work with PLC and HMI panel
and to be able to create programs, it is necessary to set the
device configuration in the environment where we create a
program with these two devices and possibly add later
modules if necessary to expand the device. The individual
modules can be connected via the Profinet interface
(Figure 3).

PLC_1 Switch_1 HMI_1
CPU1215C SCALANCE XB0OS KTP700 Basic PN E

| T

Figure 3 Topology of PLC and HMI devices
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Figure 4 Training station with PLC and HMI panel

For prototype tests, it is then possible to use a training
station with a PLC (Figure 4), which contains a PLC core
module, HMI touch screen, industrial switch, power supply
and other testing accessories such as switches, LED
indicators, sensors, motors, solenoids, etc. [4-6].

3 Program design

The program is often implemented using the Ladder
logic language, which is considered to be the simplest form
of PLC programming. Ladder logic has evolved into a
programming language that represents a program using a
graphical scheme based on relay logic hardware circuit
diagrams. Ladder logic is used to develop software for
programmable logic controllers (PLCs) used in industrial
control applications. The name is based on the observation
that programs in this language resemble ladders with two
vertical rails and a series of horizontal bars between them.
Whereas Ladder logic was once the only available entry for
recording programmable controller programs, today, other
forms are standardized in the IEC 61131-3 standard.

The solved alarm system should be switchable and
switchable via the HMI panel. This function will be
implemented using a switch. In order to make it clear what
state the security system is in, this state will be indicated
by the LEDs of the training module, as well as by the
information on the HMI display. We will start with a
Normally open contact, which we will call "start", which
will be the input. We will store an assignment for it, which
we will call "m_start" and it will be a memory variable that
will be used for the HMI panel. We end this part with the
output "alarm_functional", which in our case lights up the
green LED diode. This part of the program will be used to
turn on the security system. We will use a similar
procedure to turn it off, but in this case we will use the
Normally closed contact, but we will use the same input.
By turning it off, we will switch the assignment
"alarm_nofunctional", which will cause the red LED to
light up (Figure 5).
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Figure 5 Ladder program - start and stop

In the next step, we will create the main part of the
program. Because there are three entrances to the complex.
We will monitor their opening and closing in our program
using Normally open contact. We will create a separate
branch in the program for each entrance. For easier
orientation, we will call them, for example,
"main_entrance"”, "secondary_entry"”, "garage_doors".
Since we will also want to see their status on the HMI
display, we will place an assignment as a memory variable
for each input. In order to distinguish the individual
memory variables and their assignment to the individual
inputs, we will call them "m_main_input", "m_side_input"
and "m_garage_doors". In order for our program to work
properly and fully, it is necessary to realize that after the
first alarm, the alarm must remain on, even if the entrance
closes. We solve this problem using the logical operator
Counter, specifically CTU (Count up), ie count up. After
placing this block in Ladder, we can notice that this
operator has its own inputs and outputs. CU serves as input,
Q as output. PV determines the value by which the counter
should count, the CV from which value it starts. R indicates
reset. We substitute a value of O for CV, and a value of 1
for PV, which we achieve when the signal is applied by
pressing the button to count the counter to 1, and even after
releasing the button to keep the logic 1 at the output. If we
want to reset it, we connect the "start" input to the R
terminal. This will ensure that after the alarm is triggered,
we reset it by turning off the security system, otherwise the
alarm will remain triggered. We will use counters for each
entrance. After Q we will add another memory variable,
which will be needed when programming the HMI panel.
We will end this whole part of the program with the
"alarm" output, for which we will use the assignment
operator, and it will be common for all three entrances. We
will switch the siren on this operator. After that, we place
the memory variable "m_alarm", which will display the
alarm on the HMI display (Figure 6).
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Figure 6 Ladder program - the main part of the program

The last part of the Ladder program will be the creation
of signalling by means of LED diodes, announcing that the
alarm has been triggered. For better signalling of the alarm,
we will design the program so that the two remaining LEDs
(orange and yellow) flash. You will need to use timers to
blink. We start the program with the "alarm" output, which
ended the previous part of the program, but this time we
will use the contact normally open. From this step, it is
clear that the flashing will be triggered, and only if the
alarm is triggered. We will create two branches for
individual LEDs. We start each branch with a TON timer.
If we look at the timer, we find the designation IN, which
means input. Q indicates output. PT and ET set the start
and end time by how long the input signal is to be delayed.
In this case, we will use a time of 2 to 0 seconds. In the first
branch we add a timer identical to the previous one, but not
in the second branch. This step will cause one LED to be
shifted by 2 seconds, compared to the other. If we did not
add this timer to our program, both LEDs would flash at
the same time. Next we will add outputs for individual
LED diodes. We will call them "warning_light_1" and
"warning_light_2". They will be followed by other timers,
with identical parameters as the previous ones. We end the
program with RT (reset timer) operators, two for each
branch. These operators have the task of resetting the
timers, so that the LEDs in the loop flash. We will only
reset the timers before and after the diodes, so we will not
reset the first timer in the branch with three timers, as its
task was only to shift the flashing frequency of one of the
LEDs once (Figure 7).
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Figure 7 Ladder program - flashing LEDs
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Figure 8 Virtual digital twin after program creation
After creating the entire Ladder program, we can notice
that all the inputs and outputs we use are displayed on the
virtual digital twin of our PLC (Figure 8). This display can
help us to connect inputs and outputs using wires between
the PLC and the training module. The next step will be
loading the program into the PLC.

4 Program design for HMI panel

In the next step we will create a program for the HMI
panel. For this particular solution, the appearance of the
HMI with a dark blue background was chosen, with a home
and sub screen and two buttons, one to turn off the program
and the other to return to the home screen of the HMI panel
(Figure 9).

Welcome to HMI_3 (KTP700 Basic+ PN)!

g
i
z

Figure 9 HMI design

We will create a graphical design of the HMI interface
by placing graphical objects and their subsequent
connection with events and visualization conditions via
HMI tags connected to PLC tags. The visibility of
individual objects can be solved using the functions
Dynamize colors and flashing and Make visibility dynamic
(Figure 10).

Properties Animations n Events || Texts
Animation types

Overview

~ %, Display Display
1 Add new animation (g Appesrance & A Dynamize colors and flashing
"t Appearance @ Visibility L A Make visibility dynamic
@ visibility

» X Movements

Figure 10 Visualization of objects

The first function of the program should be the ability
to turn the security system on or off. Therefore, in our case,
the inscription "INACTIVE" was created. It is made up of
two parts. The word NO is visible in the logical state zero
of the "HMI_start" tag, but one is invisible in the logical
state. The same tag is also used for the second part of the
word "ACTIVE". But in this case, it is red at logical zero,
and green at logical unit. In this way, personnel can see the
status of the security system not only by means of LED
diodes, but also by a colored sign. Since he has to see where
the violation occurred, we will create a table called
"PLACE OF INFRINGEMENT". It contains three
columns, namely "MAIN ENTRANCE", "SIDE
ENTRANCE" and "GARAGE DOOR", with lock icons in
front of each sign. They will be controlled by the tags:
"HMI_main_entry_input", "HMI_current_entry_input",
"HMI_garazove_door_lock". If the logical state is zero on
them, they will be invisible. However, if the object is
disturbed, the panel will display the label, depending on
where the alarm was triggered. "ALARM" is invisible
unless an alarm is triggered. If it has occurred, the
inscription will appear and flash alternately red and yellow.
The beacon above the word "ALARM" is made up of three
identical images that overlap, are layered, and are white,
red, and yellow. If the alarm is not triggered, a white
beacon is visible, red and yellow are invisible. However,
when the alarm is triggered, the white beacon disappears,
becomes invisible, but the red and yellow beacons are
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visible. The yellow beacon, placed in the top layers, also
flashes. This creates the illusion that when the alarm is
triggered, the off white beacon will flash alternately red
and yellow. In this way, the staff will be clearly informed
that the complex has been disrupted. The beacon and the
inscription "ALARM" are controlled by the logical state of
the tag: "HMI_alarm". We will rename the "Screen"
button, which will take us to the new screen, by a more
appropriate name. In our case, the inscription:
"GUARDED OBJECT" (Figure 11).

ZABEZPECOVACI SYSTEM:

MIESTO NARUSENIA:
' HLAVNY VCHOD
| VEDLAJSI VCHOD
| GARAZOVE DVERE

[] STRAZENY OBJEKT

Figure 11 Graphic design HMI- Root screen

In the next step, we will create a graphical display of
the screen, which we will be able to access using the
"GUARDED OBJECT" button. On this screen, staff will
be able to see the entire complex with the exact location of
the individual entrances to the complex. He will also see
the door open and close during the day, whether or not the
security system is active.

Using images of buildings and the outside environment,
we will create the appearance of a complex that will always
be visible. We will add pictures of the door. We choose two
for each entrance, when the door is open and when it is
closed. We program the image of closed doors so that at
logic state zero, the image is visible, but at logic state one
is invisible. We program the image of the open entrance in
reverse. After stacking them on top of each other and
placing them in the appropriate place of the complex, the
illusion of opening and closing the door arises. We will use
this procedure for all entrances. They will be controlled by
the tags: "HMI_main_input", "HMI_side_input" and
"HMI_garage_doors".

As personnel see the current state of the door, they must
know where the alarm was triggered, even though the
intruder managed to close the door. Therefore, we will add
a table with the names of the entrances along with the lock
icons and a warning triangle with an exclamation mark
above each door. If the security system is active and the
complex is disturbed, a warning symbol will appear above
the specific entrance and will flash, regardless of whether

the door is closed or open. The lock icon will only be
visible if the door has been opened. Their function will be
controlled by the same tags that we used to program the
table "DISTRIBUTION LOCATION", namely:
"HMI_main_input_input", "HMI_additional_lock_input",
"HMI_garazove_door_locks". At the bottom of the screen
is the "HOME" button. This button takes you back to the
home page (Figure 12).

STRAZENY OBJEKT

' HLAVNY vcHOD
\— #' veorassi vcrop
N
. o

GARAZOVE DVERE

- A

\‘I

Figure 12 Graphic design HMI- Guarded object

As in the case of loading a program for a PLC, the
program for the HMI panel must first be compiled, and
then we will perform a loading into the HMI panel device.
After loading we can test its functionality. After a
successful simulation in the program environment, the
implementation into the training station and the successful
testing of the proposed program were also successful.

S Conclusion

PLC systems are located in switchboards together with
other electrical modules and are not normally accessible to
ordinary users. For communication with the user, the PLCs
are equipped with a Human-machine interface (HMI),
which allows the user to control the status of the controlled
system and can intervene in the control process if the
situation in the controlled process so requires.

PLC control systems are installed in devices with high
electrical voltage, where there is a risk of electric shock and
thus only the technician who has the appropriate
authorizations in connection with the safety of work with
electrical equipment has direct access to the hardware of
PLC control systems. In many cases, the controlled system
is a technological system, the costs of which are high, so it
is important that only authorized persons work with the
PLC control system [7-17].
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