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Abgtract: In this paper a comparison is presented for diffebattery charging concepts of Automated Guideli&le
(AGV) systems using simulation models. In the foefisur investigation was, what kind of benefita taductive Power
Transfer (IPT) for an AGV-based material handlingtem have, which is increasingly applied todaye Hnoper
application of IPT systems lets the reduction efilecessary number of AGVs and balances theizattiin level.

1 Introduction efficiently, where process technology and mateitay
Logistics is the science of planning, executiond ancan be easily and accurately monitored and coattoll
control of the procurement, movement, and statipri In these production and related material supply

personnel, material, and other resources to achigse Services, multiple shifts are increasingly requird@tiis
objectives of a campaign, plan, project, or stratégnay increased amount of continuous work cannot be met
be defined as the ‘management of inventory in nnotiod Manually. In the long term and in large quantitféis can
atrest’ [1]. only be achieved using automation. This is onehaf t
In manufacturing plants, the main task of logisticen ~ reasons why demand for automatic guided vehicles
supply the raw materials and parts to the workglaGn (AGVs) has become more and more important in the la
the one hand, the precise delivery of finished petsito 60 years [3].
the delivery point, and on the other hand, the nmmre of Due to the development of computing and sensors,
semi-finished products between manufacturing cells. ~ Practically every conceivable material handlindtean be
If we look ahead to development, besides tradition@Utomated in some way using mobile robots, andjaeply
push-type production strategies pull-type systerageh de_3|_gned automated system can. also greatly increase
been concepted as well. Currently, both systemexist; ~ €fficiency and work safety by excluding human efaator
and companies search for the right balance, asdistathe  [4]- _ _ _
article by A. Puchkova, J. Le Romancer, D. McFaelE]. AGVs have been playing an important role in the
During push-type production’ the main focus is ténaterlal flow durlng the past 60 years. The firgbaated
forward the workpieces to the next workstation aisiqas 9guided vehicle was developed in the early '50s f8].
they can, to avoid unutilized production capactiyis has tugger truck was converted by Barrett Electronicadsist
advantages but also disadvantages, like high iowent in warehousing operations. This vehicle was veiyjive
holding costs and low inventory turns. The pulleyp in comparison with today's techniques: it led tgraund-
system drives production based upon customer demafffl wire that could be followed by the electromagne
This kind of perception and service strategy britiys fl_eld sensing device. Its construction costs welatively
modified material handling structure of raw matieriand  high, as it had to use so many wires and to laytioet
semi-finished products to the Just In Time (JITg dnst In  direction in which the truck had to go. A computer
Sequence (JIS) manufacturing processes. As a res@ntrolled which line would be powered to be folemiby
servicing the production machines requires increpigi the vehicle. _ . _
flexible machines, which can be adjusted basedhen t In the following 20 years, the applied techniquz it
ever-changing needs. change significantly. More and more towing AGVs &ver
By simultaneously automating manufacturing an#eing used, and in 1973, Volvo developed a computer
manufacturing |OgiStiCS, and then managing it \aih controlled system with 280 pcs of AGVs in a Swedish
integrated process control system, it is possibler¢ate a factory. They tried to find a suitable alternative
fast and relatively flexible production system thatrks —conventional conveyor line assembly.
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The first major breakthrough took place in the riids:
first unit load AGVs were introduced. They havergai
popularity because they have not only been ablaigo
carts, but also have been fitted with the propeessories

» Environmental issues are also significant becaB3e |
enables smaller or the complete absence of battese
charging is carried out on longer sections during
operation.

as a workbench. AGVs of this type are widely used i

warehouses, factories, mills, hospitals. In thiscla;, we
will look at the material handling model of a systéuilt
from such kind of mobile workstations.

The article by Kabir, Q.S., Suzuki, Y. [5] has peih
out how important the battery and battery managémsen
By completely agreeing with the content, we outlima a
well-built IPT system can be very effective. Onéical
issue lies predominantly in the AGV's power supflg, in
order to operate an AGV system efficiently, we nezd
effectively address the current energy supply @moisl

2 Energy management in AGVs

In our research topic, we were looking for the
possibility of using IPT technology for AGV systenasid
if so, which topology and utilization mode wouldlider
the best benefit for the user.

It should be noted here that there is an increasing
demand for the modernization of traditional prodarct
structures (e.g. production lines). The reasotthiiaris that
the product range on a production line is widenitg
material handling processes are becoming more amd m
complex, leading to bottlenecks over time. Thusait be
seen that these traditional production structueesinio be
developed. One of the pioneers of this is the ¢htotion

In simpler systems, users should change AGV bagteriof a more modular manufacturing structure, whicheitng

manually after a shift, depending on the degree
utilization. Considering that these drive batteoas weigh
more than 10kg, we can assure, that these solutammot
be said to be user-friendly, but we also need tnkthat
they are factually the cheapest. The article byiK&hsS.,
Suzuki, Y. [5] has pointed out as well that thesleitsons

dested in a wider range.

The idea behind it is production without assemioigd,
broken down into the individual work stations. Tihew
assembly stations are occupied by one or two werker
Unlike today, they work steadily at a continuousea
because they no longer have to adapt their aetvit the

require twice as many batteries and, it has specigpeed of the line. And they do not have to mové wie

expectations, taking into account the design otttaeging
bay, and the replacement of the batteries will pisse a
serious threat to the workers.

car on a conveyor; they can work in one place. The
transport of the components between the stations in
modular assembly is taken over by AGVs [7].

Ergonomics is now becoming more and more important The planning methodology of this new type of

for the AGV manufacturers, so it is no coincidettcat a
growing number of companies offer automatic chaydan
this type of systems. In smarter systems, whertrthoi's
battery voltage drops below a certain level, theckr
automatically accesses the charging station aodigthe
supervisor system. This solution is considerablyenser-
friendly than the first one with the manual replaeat,
however, there is a disadvantage that while thektig

production systems is extensively described iptyer by
Kern, W., Rusitschka, F., & Bauernhansl, T. [8].

In these systems, besides the manufacturing and
material handling machines, the importance of the
accessorial components like sensor networks isasad
as described in the paper by Konyha, J., & Banyd9].

There are also mixed assembly line models posaible
described in the paper by Keckl, S., Abou-Haydar,&A

charging, it cannot perform a material handlingktas Westkamper, E. (2016) [10]. As concluded from the

therefore, in this case, we will need more AGVsjolh
will result in significant investment costs.

literature, new type of production structures exist
Material supply can be advantageously implemensatu

The article by Kabir, Q.S., Suzuki, Y. [5] has alscAGV systems. As stated above, AGV systems need

pointed out that Inductive Power Transfer can kedue
build up an AGV system without batteries. Howevhis
kind of system is not very flexible, because theVAGn
drive only above the Inductive Power Tape. Modifythe
track is also very expensive. There are soluticnsvell
where using the Inductive Power Transfer techngltyy
batteries of the AGVs can be charged contactlé@b&ren
the go, or even while standing [6].

efficient power management for the AGVs, used in a
flexible production structure, unlike the fixed chiag
points, an extensive IPT network can be an effectiv
solution.

To be able to prove our assumption, we have degdlop
a simulation model for that kind of AGV-systemscdese
simulations can be used to examine the behaviosuai
kind of material handling systems. Application of

As a summary, advantages of IPT systems can laistagimulation in logistics has extensive literaturgaka et al.

as follows:

[11] point out in their paper that in simulation dedling

« Using no moving parts is an advantageous solutidhe appropriate first step is the creation of anfaiized

regarding long time reliability.

structure, which can be converted into componehtseo

« The absence of live electric contacts increasésed simulation software. Neradilova, H., & Fedoréo

workplace safety.

[12] describe the important role of computer sirtiola
used in the Industry 4.0 systems. In the work cféfe S.
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E., & Baykog, O. F. [13] a comprehensive descriptd This will be emitted by the transducer antenna, and
several existing AGV simulation models can be found received by the “rect-antenna” on the another sidd,the

So we have developed a simulated production systenergy will be re-converted to DC power, which dan
where material handling is carried out by AGVsused according to the application (Fig. 1).
Simulation models are capable of modelling both

conventional and IPT charging. Antennas or
Current research is in the framework of our H202 Coupling Devices
project called “EPIC,” and the research was supgoobly / \
the National Research, Development and InnovatiordF ]
of Hungary under grant no. ED_18-22018-0006.as. well VSO_ :O %
iani i i i Power
3 Functioning and simulation modelling of Source  Transmitter Receier  Load
IPT systems Figure 1 Functionality of IPT [17]

As modelling of IPT systems for AGVs is the main
speciality of the proposed simulation model, a shor However, the energy transfer works only if the n®bi
description of the IPT technology follows. Detailedvehicle follows the track closely. Even in caseaaimall
description can be found in [14-16]. deviation, we can calculate with reduced energystes.

In the IPT systems the incoming AC current is first The following figure (Fig. 2) shows, on the leftij the
converted to DC and fed to the wave generator.\iide ratio of the vertical position deviation and theaiged

generator has oscillators through which the curflems  power, and on the right side, the ratio of the zuntal
and this generates microwave electromagnetic iadiat position deviation and the received power.
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Figure 2 Ratio between the offsets and the power [18]

Figure 2 (a) shows that at a 15 mm vertical offégite more than 50%. However, we did not model this duaor
is a drop in power by about 15%, and in case om®® simulation.
vertical offset, this value is more than 30%. Thstam is Contrary to popular belief, the IPT system can mesac
even more vulnerable to horizontal lateral devigtias very high DC-DC power efficiency of 96%, while bates
shown in Figure 2 (b). At a 10 mm deviation, th&se have approximately 80% of charging efficiency, as
roughly 10% loss of power, at a deviation of 20 there described in [15]. This is one of the reasons WIGVA
is almost 30% of power loss, while in case of an®@ systems without batteries have also been justified.
deviation, there is a drastically reduced perforoeaby
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This means, IPT systems can be modelled also aghe system is self-supporting, if

continuous charging system component. The transnitt AC<O0 3)
capacity is proportional to the time of staying meathe
inductive wire. the system has to be supplemented by additionagicita

According to the above, modelling of the IPT systerstations. If, during the period of movement, theoant of
corresponds to a track-type component during wilieh charged energy does not cover the consumption,thieen
capacity of the battery changes. By neglecting thequipment must be stopped for a shorter or longeog(s)
machines’ idle power consumption, the used enesgy at certain charging points. Of course, this ismestessarily
proportional to the travelled distance. The chargeergy a problem, because IPT systems can also be buithepe
is, however, proportional to the time of the maekirstay the AGV can be charged over time while waiting for
or movement above the track segment. If the machinerkpieces next to the workstations.

travels along an inductive path of length L, thargpe of We should mention one more simplification, which is
battery capacity can be formulated as follows: important regarding the result of our simulatione Wave
neglected the fact that AGVs have a higher eneegyahd
AC = ayng § — bagns:L (1) Wwhen they are loaded, than when they are unloaded.
whereacns is the degree of charging [Wiseblws is the 4 Development of AGV Simulation Model
degree of energy consumption [W/m], amds speed The model ha§ been_ developedl usmg_aW|der aatepte
[m/sec]. Discrete Event Simulation (DES simulation) modeitiw
Program Simul8). The following figure (Fig. 3) sheothe
If layout of the created simulation model of an AGgteyn
AC> 0 (2)  With conventional charging method.

Node 6
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@
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Camter 3_1
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el
Figure 3 AGV system model in Smul8

This simulated production facility is a modularlyRouting has been defined so that all three cellegqually
designed manufacturing system, using a pull priecip used. Next, the finished workpieces are taken 8yABVs
Cycle times in the system are decreasing in tlee fdtases, to the 2nd stage machines (green circles). Theravey
which helps Work in Process level (WIP level) tokept machines in this phase in order to suit the denthnde
at a minimum. This way the number of AGVs in theteyn  capacity. The model routes the products so thitattbn
is kept at minimum level. is equal. Finally, the AGVs deliver the material fioe 3rd

The raw material is generated at a rate of 2.5 mimorkstation (blue circle). There is only one wot&t®n in
following a normal distribution with 0.5 min devia on this phase. Finally, the AGVs carry the finisheddurct to
the input side (red circles) of the manufacturiggtem. the output side (purple circle) and then drive baxkhe
These will be transported by AGVs to the first sfp beginning of the system where they wait (grey eirdbr
manufacturing (yellow circle). In our simulation,ew the next task.
created three such production cells for the fitsp.s
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It is also important to note that the AGVs are imgit system, that would allow to take out AGVs from slystem
on each production site while the workpiece isyesi¢hen for recharging. In that case the material handiggtem
determining the consumption data of the AGVs, iswawith automated recharging would work. Of courses th
taken into account that the batteries should behdigied investigation has a significantly higher investmenst,
with a ratio, to be able to operate the AGV attlea® shift often the companies are unwilling to pay for it.
without recharging. In order to keep the number of AGVs at a more @mist

At the first run of the simulation, the followingdic level, in the second simulation run, a modified rgivey
was applied for the charging of the AGVs: if theugie logic is applied. In this case there is a given hemof
level of the AGV is 20% or less, the AGV will bemeved AGVs at the loading station. If a transport mactaréves
from the system at the charging station (brown€jrantil  at the station, and the number of the AGVs at thigos is

it was recharged up to 100%. below a certain level, and the machine is not fotigrged,
However, it was to be recognized that with such toen it goes to the charging station.
simple charging logic, the system cannot be sedfasaing So with the simulation we also tried to find outath

with automatic charging, as all AGVs are discharged kind of charging logic should be used, and how neafiya

approximately at the same time. Thus, they ar&GVs have to be added to the system to performkihis

simultaneously removed from the system due to ¢hgrg of automatic charge.

which causes that no more free AGVs will remairthia From this point of view, it is conceivable thattlifis

system to do the material handling. So, with thiéainset system were to be complemented with an IPT system,

of AGVs and with such a high material flow, theteys would have to take out the AGVs for less time “frtime

can only perform its function if, after each shific AGVs’ battle line” for charging.

batteries are manually replaced. We have, therefore, investigated two types of IPT
If more AGVs were to be used (based on industrgystems.

experience, the AGV manufacturers and distributors First, we tested the IPT system installed on thnglo

usually recommend + 100% for continuous operationgtraight sections, so the AGVs could be rechargethe

there would be enough free remaining capacity & thgo. This IPT loop is shown as the blue loop in Fégd

ok Comter 91 ~ 5 2
- - o Conter 2_2

HAoee
..

e e R T

Figure4 AGV system model in Smul8

Second, we have created a simulation in whichRffe | AGVs whenever they wait for the workpiece on each
system has been designed to recharge the battérlee manufacturing cell. This can be seen in Figure 5.
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Figure 5 AGV systemwith IPT charging stations at the work cells

5 Simulation results ! _
Main output of the simulation runs is the judgemiént increasing trend.

limit where the number of awaiting work item has no

the system is capable of handling the amount afnmig
material flow. This can be measured by the amodint

incoming, queueing work items of the model. If this

amount increases steadily then, there are too féWsAin

6.1 Simulation results for the AGV system with

conventional automatic charging
As we have seen, with the simple, conventional

the system. The value must be observed over ailongaitomatic charging logic, the system was unableatoy

period in order to ignore the distortion comingfranitial
charging. There is a single input parameter oftifferent

out continuously the material handling tasks. Tkighy
we were looking for a better charging logic to lixeao

simulation runs: the number of AGVs in the systemoperate the system, and parallel with that we inyated
Optimal number of AGVs has been determined in atihe number of AGVs required to the material flow.

iterative way, by increasing the number of AGVsthe
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Figure 6 Number of awaiting work items at the input side
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We tested several charging logic, and finally théow large reduction can be achieved regarding tingoer
following one was proved to be most useful: We dolet  of AGVs compared to the previously stated 25 pieces
the AGV run until the batteries were totally (20%)
exhausted, but if the charging level of the AGWéow 5.2  Simulation results for the AGV system with
80%, the AGV will be removed from the system and additional 1 PT-loop charging
recharged. This can only be done if there are cefft In this case the AGVs are charged on the tracks,
amount of AGVs to perform the material handlingk&s therefore discharging has a lower rate. Additiahalrging
The system was sustainable for over a long timenwhe track is, however, cannot be avoided like in the
consisted of at least 25 pc’s of AGVs (Fig. 6) conventional case. The number of necessary AGVs is,
The above results make up the reference valughdor however, much lower. Simulation results have shtiva
inductive power transfer models. The questionesdfore, the necessary number of AGVs are 15

. Number of awalting orders (14 AGVs)
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Figure 7 Number of awaiting work items at the input side using IPT tracks

In Figure 7 we can see that the time when the dgpacas well. Results can be seen in Figure 8. in whiettan
drops under 80% and the AGVs massively departfoae observe that 14 machines are still not enough.
charging occurs later (around 1202 min insteacpfax. These results made us drawing further conclusions
430 min, see Figure 6 for 25 AGVs) using an IPT&ys because the simulation runs couldn’t decide prefaref
because of the charging along the routes. Figdoe the either IPT systems. We found that if the sum ofpssing
case of 15 machines clearly shows that the systemtimes would be significantly more than the timeelated
capable of actively reducing the number of awaitinGV motion than the application of charging staida
incoming orders periodically to zero. We remarkt ttee  preferred. In our example these values were chosen
amount of fluctuation can be reduced by a morethtri approximately and accidentally almost for same.
controlled material flow when not all AGVs are teit for There are however other factors which should be
auxiliary charging at the same time. considered by the decision of which system to apphe
track type IPT system costs more than the charging
5.3 Simulation results for the AGV system with stations, so a parallel calculation of these cistalso
additional 1PT charging stations necessary. . o
In this case during the movement, the capacity Finally, it should also be considered how signtiica
decreases, and the battery is charged at the smpaffianges can be expected regarding the layoutcéiitoe
charging stations and at the work centres. Thelaiion ~Matched to the existing IPT track sections thémiitgs a
runs have proved that in this case 15 AGVs aressecy dreat advantage, because repositioning of chasgatipns
causes significant costs
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Figure 8 Number of awaiting work items at the input side using additional I1PT stations
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