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ELECTROMAGNETIC LOCKING DEVICES OF CAR HANDLING
UNITS

Summary. This paper contains the design of a testing device, which was
constructed for the purposes of checking functional properties of the innovative
solutions of variants of electromagnetic locking devices with potentials of
replacing current mechanical brakes used for stopping pallets with loaded cars in
parking houses developed by the company KOMA - Industry s.r.o. The testing
device consists of two positioning tables, whose moveable parts are anchored
perpendicular to each other in the frame of the testing device. An electromagnet
and a solenoid generating the force needed for stopping the motion of the pallet is
connected to the moveable part of the upright positioning table. The brake ramp
made of a ferromagnetic material has a hole at its top surface into which the pin of
the solenoid is inserted and is attached to the horizontal moveable part of the
positioning table. This paper presents holding force values of the electromagnet,
which were obtained by experimental measuring on the created testing unit.
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1. INTRODUCTION

With the increasing number of vehicles, it has become necessary, due to the lack of
conventional parking spaces, for an efficient way of dealing with short- and long-term vehicle
storage. Over the past decade, the dimensions of cars have increased considerably, unlike the
ground plan dimensions of parking spaces. In many countries, the dimensions of parking
spaces remain standardised to the same dimensions, which is one of a number of problems in
the current situation of parking of vehicles [12]. The dimensions of parking spaces in the
Czech Republic are determined by the standard [9], where perpendicular parking spaces
measure 5 metres in length and 2.5 in width.

Parking houses are possible efficient alternatives for parking, where the vehicles are
parked on several floors above each other. The most efficient option in terms of parking area
utilisation is parking houses harnessing fully automated systems that transport the vehicle
located on the pallet from the dispatching area to an appropriate cell space of the block
parking rack with the use of lifting and manipulation devices. One or more pallets with parked
vehicles can be inserted into a given parking rack cell.

When a block parking rack cell is designed for storing more pallets with vehicles in a row,
the lower surfaces of the pallets, or the lower running surfaces of the cells, are generally
provided with rollers to limit movement resistance (shear friction replaced by rolling friction).
Prevention of spontaneous movement of stored pallets in the cells is solved by fixation means,
by mechanical brakes or locking devices using the pulling or pushing forces of an
electromagnet.

2. MECHANICAL PALLET LOCKING BRAKES

The two design variants of mechanical brakes of the pallet brake system designed by
KOMA - Industry s.r.o., which are used in the Parking House Brno Kope¢na; are listed in [1].
Both of these mechanical brake variants consist of the following three basic components: the
brake body, the pulley bracket and the compression spring.

The theoretically derived generated forces and kinematic ratios, which act during processes
of guiding /pushing the parking brake pulley into or out of the circular recess in the brake
ramp section, are presented in [3].

In [5], a test device is presented, which was designed to experimentally determine the true
values of the forces acting vertically on the body of the brake of the pallet locking system.

The purpose of mechanical pallet brakes [1] is to lock the pallet (which is located closest to
the front vertical plane of the rack cell by which the pallets are inserted into the cell) in place.
This prevents the pallet (and the pallets behind it) from moving and moving in a horizontal
plane in the direction of the longitudinal axis of the rack cell. The locking of the pallet in a
precise position is a prerequisite for smooth operation in a fully automated parking house
system, with a computer-controlled automated vehicle loading and unloading process using
sophisticated technological equipment.

If the cell to be occupied by a pallet contains one pallet already (in an exact position
relative to the length of the stacker cell, anchored by the pallet brakes), the pallet moving in is
guided (with the help of “mechanical locking teeth”) past and then in reverse motion (by the
motion mechanism of the transporting device) inserted into the “lock teeth” of the already
stored pallet. By means of these mechanical locks (consisting of two teeth on each of the two
sides of the pallet, which are situated perpendicular to the longitudinal axis of the rack cell),



Electromagnetic locking devices of car handling units 75

the adjacent pallets are mechanically interconnected. Then, the pallet feed chain
(mechanically interconnected with the pallets already stored in the respective rack cell) is
pushed horizontally into the cell by means of a telescopic shifter.

3. INNOVATIVE PALLET BRAKE DESIGN

The proposed innovative solution is a locking device, which does not use mechanical
brakes [13], but a mechanism based on the principle of holding or pushing an electromagnet.

Fig. 1 shows the 2D and 3D design of the testing device, which demonstrates the two
innovative principles of pallet locking. The testing device stand (created version — Fig. 3)
consists of a welded steel frame structure 1 (Fig. 1), two positioning tables 2, 3 [2] and
locking device components.

e ——— e e

Fig. 1. 3D model and 2D design of the testing stand of the locking device

The vertical positioning table 2 is attached to the steel frame structure 1 using four screws.

A bracket 6 is attached with two M5 x 25 screws 12 to the face surface of the plate 4
(Fig. 1), which is by means of 4 M10 x 20 screws 13 attached to the moving part 2.1 of the
vertical positioning table 2 (Fig. 2). The push solenoid 7 (that is, a long coil, consisting of
threads of identical lead of copper wire of the same circular cross-section along the whole
length, stored in a metal frame) is mounted onto the face of the bracket 6 by four M3 x 5
screws 15 and a holding electromagnet 8 is also attached to the bracket 6 with screw M4 x 15
23.

The brake ramp 11 is attached by two screws 14 to plate 5 (Fig. 2) of the horizontal
positioning table 3. Due to the change of position of the moving part 3.1 of the horizontal
positioning table 3 at some point, the arm 21 comes into contact with limit switch spring 9
[6]. When gradually moving the moving part 3.1 of the horizontal positioning table 3, the
bottom row of electrical contacts [10] of limit switch 9 close on limit switch 9 due to the
deflection of the spring on limit switch 9.

Limit switch 9 is provided with two electrical contacts placed one above the other, which
are mechanically interconnected. When the limit switch spring is not deflected 8, the current
flows through the upper row of closed contacts, which is visually represented on the
signalling panel 10 of the test device by a red LED. When the spring of the limit switch 8 is
deflected, the upper (previously closed) contact and the lower contact on the signalling panel
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10 are opened, the green LED light switches on and the supply voltage is applied to the push
solenoid coil 7 and the electromagnet coil 8. A magnetic field is formed around both coils by
a passing direct current.

Fig. 2. The innovative pallet locking design - locking device

The magnetic field around the push solenoid coil 7 generates a force that extends
outwardly from the coil core, which leads to a pin. The pin, when the core is ejected from the
push solenoid coil 7, is inserted into the opening of the brake 11, thereby preventing further
movement of the moving part 3.1 of the horizontal positioning table 3, thus, simulating pallet
locking of an electromagnetic locking device.

Fig. 3. The constructed test stand site of the innovative pallet locking design

The magnetic field around the coil in the core of the holding electromagnet 8 generates
pull strength. If the electromagnet 8 is located in the desired position, then the pull strength of
the electromagnet 8 acts on the lateral surface of the brake 11, thereby preventing further
movement of the moving part 3.1 of the horizontal positioning table 3.

The constructed model of the pallet locking device utilising holding, pushing or pulling
forces of the electromagnet is shown in Fig. 3.
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4. PULL STRENGTH OF THE ELECTROMAGNET

To have trouble-free operation when guiding the pallet to the parking position in the rack
cell, rolling along the roller track, the maximum distance between the side of the brake ramp
11 and the face of the electromagnet 8 must be kept. The maximum distance y [m] of the
electromagnet 8 from the brake ramp 11 is strongly influenced by the holding force Fmy) [N].

The dependence of the holding force on the distance of the electromagnet from the
ferromagnetic plate (side surface of the brake ramp 11) is described by Maxwell's equation
(2).

Electrical current | [A] passing through the electromagnet excitation coil 8, is a source of
magnetic field of a certain magnetic intensity and also produces a magnetic induction flux ®m
[Whb]. This magnetic flux is proportional to the current | [A]. The steady-state current | [A] is
given only by the voltage U [V] and the resistance R [Q2] of the spool and does not depend on
the anchor position. Because the coil current is proportional to the magnetic voltage of the
electromagnet, only a small amount of force is required to retain the anchor, hence, a small
current. Pull strength Fm [N] of a DC solenoid can be expressed by the relation (1).

B.S
[N]
2 o (1)
where B [T] - magnetic induction, S [m?] - contact surface of magnet with washer, po [H. m™]
- vacuum permeability.

Fu =

Fig. 4. 3D model and 2D design of measuring station

If we add magnetic induction, magnetic voltage and magnetic resistance of the air gap into
the relationship (1), we will in ideal conditions, when the whole magnetic flux is closed
without dispersion by the geometric air gap, obtain the force dependence Fmg) [N] on the
stroke y [m], or pull strength characteristic of the electromagnet in the form of (2).

F. Ko S
Fug = — [N]

2. y2 )
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where Fm [N] - magneto-motor force, y [m] - distance of magnet electromagnet from
ferromagnetic pad (plates of circular cross-section 19).

From relationship (2), it follows that dependence of pull strength Fmg) [N] of the
electromagnet is inversely proportional to the square of the size y [m] of the air gap. The
foregoing considerations assume that the entire magnetic flux given by the excitation
magnetic voltage is involved in the generating pull strength. In reality, there is dispersion in
the magnetic circuit. Therefore, the actual magnetic flux in the air gap, as well as the pull
strength of the Fmy) [N] electromagnet, will be smaller. Dispersion increases as the magnetic
induction in the air gap increases.

At the measuring station (Fig. 7), construction design on Fig. 4, experimental
measurements were performed to obtain true values of holding force Fmg) [N] of the direct
current solenoid 8 [4] (holding force 180 N, operating voltage 12 V DC, maximum current
0.5 A) depending on the distance y [m] and the magnitude of current I [A] flowing through
the solenoid coil.

The holding force Fmy) [N] (Fig. 6), of electromagnet 8 was detected by a digital load cell
16 that was attached to the face of the welded bracket 17 by screws 20 (Fig. 4). Values of
holding force Fw() [N] of the electromagnet 8 measured by the digital load cell 16 were
recorded on a PC in the software Force Logger, ver. 1.01 (Fig. 5). Bracket 17 was attached to
the steel frame 1 by three screw connections 24. The holder 18 of the electromagnet 8 was
connected with two screws 22 to the face of plate 4.

= Force Logger

File Data Display CSV Print GaugeSetup Infomation

Force Unit Judge  Position Time Date

-102 N |oK = 122655 | 28.1.2020

102 N |OK = 12:2655 | 28.1.2020

=T N |OK = 120655 | 2812020

102 N oK = 120655 | 28.1.2020

; E=TH N oK = 120656 | 28.1.2020

: ‘ ~102 N |OK = 120656 | 28.1.2020
‘ 102 N |OK == 120656 | 28.1.2020

Test Condition 102 N |OK = 120656 | 28.1.0020
102 N |OK = 122656 | 28.1.2020

Mih 1008  Low | 102 N |OK = 122656 | 28.1.2020
= -102 N |OK = 120656 | 28.1.2020
102 N |OK = 122656 | 28.1.2020

=i 102 N |OK = 129656 | 28.1.2020

— | 102 N |OK = 120656 | 28.12020

" Statistics ‘ 102 N oK == 122657 | 28.1.2020
Maximum  [-102 | Mot ] 16 -102 N oK = 122657 | 28.1.2020
Minimum 102 | [No.i ] 7 102 N |OK = 122667 | 28.1.2020
S BE 102 N |OK = 122657 | 28.1.2020
1 ~102 N |OK == 120657 | 28.1.2020

DatarGty; 20 102 N [0k |- 120657 | 2612020
Numberof NG [0 | 3 T, N |OK = 129657 | 28.12020

Fig. 5. The holding force of the electromagnet, detected by a digital load cell, was recorded on
a PC by the Force Logger software, ver. 1.01

By changing the position of the moving part 2.1 of the vertical positioning table 2 the
distance y [m] of the solenoid 8 between the ferromagnetic plate of circular cross-section 19
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was set, and the ferromagnetic plate was screwed onto the threaded part of the digital load cell
16.

The Solenoid coil 8 was supplied with DC voltage and current of 0.1 A to 0.4 A from
laboratory power supply P230R51D (Fig. 7) [11], which is equipped with two sources with
continuous voltage regulation in the range of 0 to 30 V, with the possibility of setting the
current limitation from 0.1 to 4 A.

Values of holding force Fmy)i [N]; read from the digital load cell display 16 for a given
distance y [m] and current | [A] flowing through the solenoid coil 8; were recorded (for i = 3
repeated measurements under the same conditions) by Tabs. 1 to 4.

Tab. 1
The holding force of the electromagnet depends on the distance from
the ferromagnetic plate, current flowing through coil  =0.4 A
y. 10°[m : : : : : : : : :
103 [m] 0.2 0.4 06 | 08 | 1.0 1.2 14 | 16 | 18

|

1 137 38 17 10 7 6 4 3 2
Fuwi [N] |2 | 136 36 16 10 8 5 4 3

3 | 137 36 17 10 7 5 4 3 2
136.7 | 36.7 | 16.7 | 10.0 | 7.3 5.3 4.0 3.0 2.0
+14|+£29 |£14]+£00|+14 | +£14 |+£00]|+00|+0.0

N

Fmey) [N]

The arithmetic mean Fsmg) [N] of measured values of holding forces Fmy)i [N] was
calculated with the help of relation (3), using relation (4), the deviations Ajw) [N] of measured
values Fm(y)i [N] from the arithmetic mean Fswm(y) [N] was obtained.

n
Z I:M(y)i
— i=1

Fs = [N]
M(y) n (3)
Ai(y) - FM(y)i - FsM(y) [N] (4)

The sample standard deviation Svogy) [N] of the arithmetic mean Fsmy) [N] was calculated
using relationship (5) [7], and the standard deviation Soy) [N] of the arithmetic mean
Fsmy) [N] [8] by relation (6) [7].

()

(6)

In the table [7] of critical values of Student's distribution, the chosen risk was set to be 5%,
and therefore ton [-], for the number of measurements “n = 3” and the risk o = 5% the
Student's coefficient is tso 3 = 4.3.
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Electromagnet holding force FMs(y) [N]

The error margin « ) [N] was calculated by relationship (7).

Tab. 2
The holding force of the electromagnet depends on the distance from
the ferromagnetic plate, current flowing through coil I =0.3 A

y. 103 [m] | i 02 | 04 | 06 | 08 | 10 | 12 | 14 | 16
1| 112 17 9 6 4 3 2 1
Fmyi [N] |2 | 114 | 18 9 6 4 3 2 1
3 | 114 17 9 7 4 4 2 0

Fue [N] 1133|173 | 90 | 63 | 40 | 33 | 20 | 0.7

+29|+14(+00(+14]+00[+14|+£00|+14

Ky

= t5%,3' So(y) [N]

(7)

The last row of Tabs. 1 to 4 contains the results of the measured holding force values
Fme) [N], given by relation (8).
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Fig. 6. The holding force of the electromagnet depending on the distance from
the ferromagnetic plate
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Tab. 3
The holding force of the electromagnet depends on the distance from
the ferromagnetic plate, current flowing through coil  =0.2 A

[ 0.2 04 | 06 | 0.8 10 | 1.2 1.4

1 75 7 4 3 2 1 0
Fuwi[N] [2 | 71 8 4 2 2 1 1

3 73 7 4 3 2 1 0
730 | 73 | 40 | 27 | 20 | 1.0 | 0.3
+50|+14|+00|+14|+£00|+00|+14

y. 10°[m]

Fmey) [N]

Tab. 4
The holding force of the electromagnet depends on the distance from
the ferromagnetic plate, current flowing through coil 1 =0.1 A

y.103[m] i | 02 | 04 | 06 | 0.8 | 1.0
1 26 2 1 1 0
Fmyi [Nl [2 | 24 2 1 0 0
3 25 2 1 1 0
25.0 | 20 10 | 0.7 | 0.0

+25|+£00]+£00|+£14]|+00

Fm) [N]

Fig. 7. Constructed measuring station of holding force of the DC electromagnet

5. CONCLUSION

This paper presents the principle of an electromagnetic locking device, which uses holding
forces generated by a DC electromagnet or core pushing force from the solenoid anchor for
locking the pallets parked in cells of automated parking houses.

A testing device was designed and subsequently constructed to demonstrate possible ways
of holding and preventing spontaneous movement of handling units parked in rack cells of
fully automated warehouses. The motivation behind the construction of the testing equipment
was to offer a reliable alternative parking brake solution to the mechanical parking brakes that
are currently being used in automatic parking houses constructed by KOMA - Industry s.r.o.
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The drawback of electromagnetic braking devices utilising the electromagnet handling
units to lock the electromagnet handling units is the need to maintain a minimum distance
between the electromagnet face and the opposing ferromagnetic part installed on the handling
unit where the electromagnet holding force acts.

Error-free vehicle loading/unloading; placed on a steel pallet provided with rollers on its
lower surface, into/from a parking rack cell on a selected floor; computer-controlled
automated parking house processes can only be achieved by precisely guiding the pallet
to/from the parking position by a sophisticated loading device. A conveyor is usually used as
a loading device where a chain or a toothed belt is the pulling element. The pallet with the
vehicle is moved out of the parking position when the pallet’s grip holder is engaged by a
gripping element connected to the conveyor chain. Due to the dimensions and constructional
design of both gripping elements, of designed racks and pallets used in parking houses, it is
necessary to ensure sufficient manufacturing and assembly accuracy to allow the two gripping
elements to snap together. The precise locking of the gripping elements is greatly influenced
by the length of insertion of the pallet into the rack cell, which must not change during
parking. A change in the position of the parked pallet due to the effects that occur in the
interior of the parking house, which may change the position of the pallet, can be with great
probability and be avoided using the proposed principle of the electromagnetic
braking/locking device.

Acknowledgements

This work was supported by the Ministry of Education, Youth and Sports of the Czech
Republic from the Specific Research Project SP2020/90.

References

1. Hrabovsky Leopold, David Dluhos. 2019. ,,Calibration of transducers and of a coil
compression spring constant on the testing equipment simulating the process of a pallet
positioning in a rack cell*. Open Engineering 9(1): 631-640. ISSN: 2391-5439. DOI:
10.1515/eng-2019-0072.

2.  MN Systems. Linear Motion Solution. Available at:
https://www.mnsystems.cz/manualni-polohovaci-systemy/polohovaci-stoly/s-digitalnim-
ukazatelem/dlouh%C3%A9-1/pt8625-pae-detail.

3. Hrabovsky Leopold, Tomas Mlcak, Gustav Kotajny. 2019. ,,Forces Generated in the
parking brake of the pallet locking system”. Advances in Science and Technology
Research Journal 13(4):181-187. ISSN 2299-8624. DOI:
https://doi.org/10.12913/22998624/112835.

4.  Ampul. Available at: https://ampul.cz/elektromagnety/elektromagnet-18kg-180n-
34x18mm-12v.

5. Hrabovsky Leopold, Tomas Mlcak. 2020. ,,Vertical forces acting on the lock-off element
of the pallet brake system”. Advances in Science and Technology Research Journal
14(1). ISSN 2299-8624. DOI: https://doi.org/10.12913/22998624/113607.

6. GM Electronic. Available at: https://www.gme.cz/prumyslovy-koncovy-spinac-me-9101-
pruzina.


https://www.mnsystems.cz/manualni-polohovaci-systemy/polohovaci-stoly/s-digitalnim-ukazatelem/dlouh%C3%A9-1/pt8625-pae-detail
https://www.mnsystems.cz/manualni-polohovaci-systemy/polohovaci-stoly/s-digitalnim-ukazatelem/dlouh%C3%A9-1/pt8625-pae-detail
https://doi.org/10.12913/22998624/112835
https://ampul.cz/elektromagnety/elektromagnet-18kg-180n-34x18mm-12v
https://ampul.cz/elektromagnety/elektromagnet-18kg-180n-34x18mm-12v
https://doi.org/10.12913/22998624/113607
https://www.gme.cz/prumyslovy-koncovy-spinac-me-9101-pruzina
https://www.gme.cz/prumyslovy-koncovy-spinac-me-9101-pruzina

Electromagnetic locking devices of car handling units 83

7.

8.

10.

11.

12.

Vilém M., J. Knejzlik, J. Kope¢ny, I. Novotny. 1991. Fyzikalni méreni. [In Czech:
Physical measurements]. SNTL Praha. ISBN: 80-03-00266-4.

Molnar Vieroslav, Gabriel Fedorko, Beata Stehlikova, Peter Michalik, Melichar Kopas.
2014. ,,Mathematical models for indirect measurement of contact forces in hexagonal
idler housing of pipe conveyor”. Measurement 47: 794-803. DOI.:
https://doi.org/10.1016/j.measurement.2013.10.012.

CSN 73 6056: 2011. Odstavné a parkovaci plochy silni¢nich vozidel. Utad pro
technickou normalizaci, metrologii a statni zkugebnictvi Ceské republiky. [In Czech:
CSN 73 6056: 2011. Parking areas for road vehicles. Czech Office of Standards,
Metrology and Testing].

Hrabovsky Leopold, Peter Michalik. 2017. ,,A tension equalizer in lift carrying ropes”.
Advances in Science and Technology Research Journal 11(4): 326-332. ISSN 2299-8624.
DOI: https://doi.org/10.12913/22998624/80936.

GM Electronic. Available at: https://www.gme.cz/dvojity-laboratorni-zdroj-diametral-
p230r51d.

Manish Patkar, Ashish Dhamaniya. 2019. ,,Effect of on-street width and capacity of
urban arterial roads in India”. European Transport \ Trasporti Europei. Issue 73. Paper
no 1. ISSN 1825.

Received 25.02.2020; accepted in revised form 04.05.2020

[GMO

Scientific Journal of Silesian University of Technology. Series Transport is licensed under

a Creative Commons Attribution 4.0 International License


https://doi.org/10.1016/j.measurement.2013.10.012
doi:%20https://doi.org/
https://www.gme.cz/dvojity-laboratorni-zdroj-diametral-p230r51d
https://www.gme.cz/dvojity-laboratorni-zdroj-diametral-p230r51d

