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Abstract. The development of effective means of automation of warehouse operations provides
the possibility of their wide and successful implementation. One of the promising directions, in our
opinion, is the creation of an automated container storage system (ACSS), based on the distribution
of the functions of moving and storing containers between its components. The proposed ACSS in
which the movement of containers in the vertical plane between several levels of racks is carried out
by elevators, and the movement in the horizontal plane (for each level) is provided by a robotic mobile
platform (RMP), in contrast to the currently popular systems in which the main operations for moving
containers are performed by RMPs equipped with manipulators. This paper presents the control system
of the ACSS, which provides control of four elevators and four RMPs (one for each level of racks) in
the process of containers moving. Two components of the control system are considered: the technical
one, which provides control of the technical means of the ACSS (elevators and RMPs) and the
organizational one, which determines the order of placing containers in the cells of the racks and their
retrieving.

Keywords: automated containers storage system, prototype of robotic mobile platform, control
system, planning of placing and moving containers.

Introduction

Warehouse activities occupy an important place in industry, trade, logistics and agriculture.
Performing warehouse operations manually is a laborious, but technically simple task. This necessitates the
automation of warehouse operations. In order to unify the storage and movement of various cargoes weighing
up to 20-30 Kg, it is advisable to use containers of the same type. The maximum weight of a container, if it
is supposed to be carried manually by one person, is limited by regulatory documents and is 30 kg. Therefore,
the creation of specialized RMPs with low cost, which are focused on performing simple warehouse
operations, is an urgent task. These RMPs are one of the important components of ACSS. The need to
develop a control system for ACSS based on RMP determines the relevance of this work.

Review of Modern Information Sources on the Subject of the Paper

To perform warehouse operations, modern robotic systems based on intelligent robots and robotic
mobile platforms (RMP) today are widely used [1]. One of the factors that hinder the mass implementation
of automation means in warehouses is their high cost and insufficient consideration of the specifics of
warehouse operations. Economic factors play an important role in the implementation of automation means.
According to Work.ua [2], the average salary of a loader in Ukraine as of April 2025 is UAH 21,000. The
average hourly wage of a loader in the USA is from $15 to $20 [3]. In Europe, the hourly wage of a loader
is from EUR 12 to EUR 26 [4]. The cost of an RMP with a load capacity of 20-40 kg depends on the model
and purpose and varies from EUR 11,000 to EUR 80,000 [5].
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Based on the theoretical and practical studies [6-8], an experimental model of a specialized RMP for
an automated container storage system (ACSS) was developed [9, 10]. The studies of this model showed the
feasibility of developing a full-scale prototype of the RMP, taking into account the identified shortcomings.
The design features of the created prototype of the RMP are presented in another paper.

In most of the works, the technical issues of RMP creation are mainly considered [11]. However, the
organizational aspects of their effective application are considered much less often [12]. ACSS is a complex
organizational and technical system that requires comprehensive development taking into account its
technical and organizational components. This article is devoted to the development of a control system for
the ACSS and for the created prototype of the RMP.

Problem Statement

The aim of the work is to develop a control system for an automated containers storage system based
on the created prototype of a robotic mobile platform. To achieve this goal, the following tasks are solved in
the work:

— development of the technical component of the ACSS control system;

— development of the organizational component of the ACSS control system;

— creation of a software system for planning of placing and moving containers.

Main Material Presentation

The organization of the ACSS is described in detail in [9]. The technical component of the control
system is directly related to the mechanical construction of the RMP and the elevator of ACSS.

The construction of the developed RMP prototype is presented in Fig. 1 and consists of three main
units: a drive unit for horizontal movement of the platform along the guides along the racks; unit for a
container holding during its movement; a shifting unit for moving the container to the right or left of the
longitudinal movement axis to load it into the rack cell or remove it from the cell onto the RMP load-bearing
surface. The implementation of these units in the developed RMP prototype differs significantly from the
previously proposed solutions in the experimental model [9, 10]. A detailed description of the construction
and features of the developed RMP prototype is presented in another work.

Fig. 1. The construction of the developed RMP prototype

Containers are stored in the cells (3) of two four-level racks (1) (Fig. 2). The containers (4) are moved
vertically to the required level by elevators (7), and the container is moved horizontally along the racks at
each level by the RMP (6). Placement of four stationary elevators at the beginning and end of each rack
eliminates the need to equip the RMP with a manipulator for vertical movement and positioning of the
container. The use of four separate RMPs for each level eliminates conflicts between them during
simultaneous movement and increases system performance.
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Fig. 2. Organization of the functioning of ACSS technical facilities

@ The elevator consists of four rods (screws) two meters long
with M10 threads cut on them, which are fixed in bearings in the
corners of the initial and final vertical modules of the rack (Fig. 3).
@ v7 The supporting platform of the elevator is equipped with four nuts
located at its corners. With the synchronous rotation of the screws,
these nuts ensure vertical movement of the platform. Synchronous
rotation of the screws is provided by two toothed belts and pulleys,
fixed on the lower ends of the screws and on the shaft of the drive
motor gearbox. The precise positioning of the elevator platform at
the required level is ensured by limit switches. To reduce the force
of horizontal movement of the container, two rows of bearings are
installed on the elevator platform, the supporting surface of the RMP
and the rack cells, and two angle guides are mounted on the bottom
of the container.

The integration of the technical and organizational compo-
nents of the ACSS control system is provided by a personal computer (PC) program. The personal computer
operator, based on the customer’s request for the issuance of one or more containers, uses a specialized
program to generate a command file for the microcontroller (MCU) of one of the four RMPs.

Each container has a unique code that determines its contents. To place a container in a rack cell, its
address is set, which contains the level number and the cell number at the specified level. Each level of the
right and left racks is served by an individual RMP and one elevator attached to it, which in pairs ensures
the fulfillment of the customer’s request. In order to unify the commands, as an address for elevators and
cells of each level, through numbering is used. In this case, the cells and elevator of the left rack have odd
numbers, and the right rack has even numbers. If the total number of cells in a block of two racks is 200, and
one level is 50, the address N for the left elevator will be N=1, and the right one N=2. Accordingly, for each
level, the address of the last cell of the left rack will be N=51, and for the last cell of the right rack N=52.
Since two elevators (out of four) are located at the end of the racks, the numbering for their levels is carried
out in reverse order. Placing the elevator platform on the second level ensures its use as a terminal for issuing
containers to the customer, or replenishment of ACSS with new containers.

The structural diagram of the ACSS control system is presented in Fig. 4.

Fig. 3. Kinematic scheme of the
elevator
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Fig. 4. Structural diagram of the ACSS control system

The command file contains one or more commands that are interpreted by the microcontroller
program. Each command contains two addresses for moving the container. The first address determines the
initial location of the container, and the second — the final location. During command processing, the
microcontroller determines the necessary number of the stepper motor steps to move the RMP to the cell
with the required container. In this case, changing the frequency of the synchronization pulses C ensures
smooth acceleration of the RMP at the beginning of the movement, then movement at the nominal speed and
smooth deceleration of the platform at the final section of the movement. A smooth change in the movement
speed reduces the probability of skipping steps of the stepper motor and provides the possibility of precise
positioning of the platform. Approximate positioning of the RMP is provided by counting the number of
steps. For precise positioning of the RMP opposite the middle of the cell at the stage of platform deceleration,
a precise positioning sensor (PPS) equipped with a limit switch and a mechanical catcher is used. At the
same time, an information feedback signal is transmitted to the microcontroller. The control pulses for the
driver SMD of the stepper motor SM are generated by the shaper (CPS). The input signal D from the
controller determines the direction of movement of the RMP, and the signal EN stops the stepper motor in
the specified position RMP. To limit the current of the stepper motor, a pulse-width regulator using a resistive
current sensor CS (signal U) is implemented in the CPS.

The control of the DC motors (DCM1, DCM2, DCM3) for the container holding device, the shift
device and the elevator is carried out by the driver modules DM based on the L298N chip and switching
units (SU). The switching units process the limit switch signals and form information feedback signals. Based
on the control signals 11 and 12 supplied from the controller, the voltage of the required polarity is supplied
via the switching unit SU1 to the DC motor DCM1 via the H-bridge of the driver module DM1 to hold and
release the container. The supply of voltage of different polarity (in accordance with the control signals 13
and 14) from the H-bridge of the driver module DM2 via the switching unit SU2 to the DC motor DCM2
ensures, based on the proposed kinematic scheme, the removal of the container from the rack cell to the
working surface of the RMP, or its loading into the cell from the working surface of the RMP. The elevator
motor DCM3 is controlled similarly to the DCM1 motor control using the driver module DM3 and the
switching unit SU3.

In the considered control system, some of the functions are implemented in hardware, based on the
proposed circuit solutions, and some — in software using the microcontroller. This contributes to the
formation of functionally complete components of the control system and a reduction in the number of
necessary interface signals for communication with the microcontroller. At the same time, it ensures a
reduction in the number of used MCU pins and the use of its computing resources when implementing control
functions. The electrical scheme of the stepper motor control unit is presented in Fig. 5.
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Fig. 5. The electrical scheme of the stepper motor control unit

The electrical scheme of the control unit for holding and shifting the container is shown in Fig. 6.
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Fig. 6. The electrical scheme of the control unit for holding and shifting the container

Organizational component of the ACSS control system

The operational characteristics and parameters of the ACSS depend not only on the effective
functioning of its technical devices, but also on the organization of the process of storing and moving

containers.
The organizational component of the ACSS solves the following tasks:

— determining the order of rational placement of containers in the rack cells and fixing it in the system

information database;
— determining the order of removing containers from the rack cells and moving them to the terminal

for issuance to the customer;
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— forming a command file for transfer to the RMP microcontroller to remove the necessary containers
from the cells when fulfilling the customer’s request;

— collecting and processing statistical data on the codes and number of containers issued based on
customer requests;

— generating notifications about the need for timely replenishment of vacated rack cells with containers
with the determination, based on the collected statistical data, of their codes and number.

A typical trajectory of a container’s movement when it is loaded
from a terminal into a rack cell or when it is removed from a cell and
moved into the terminal is shown in Fig. 7.

The initial location of the elevator platform is at point E (at the
level of the RMP assigned to it), and the RMP is at point P (opposite
the elevator). When removing the required container for issuing it to E
the customer, the specified trajectory consists of the following
segments: moving the RMP from the initial point P to the required 10
cell, given by its number (1); shifting the RMP carriage into the cell of
the rack to capture the container (2); capturing and holding the
container (3); extending the carriage with the container from the cell
(4); moving the RMP to the elevator (5); moving the container to the Fig. 7. A typical trajectory
elevator platform (6); releasing the container on the elevator platform of a container’s movement
(7); extending the carriage to the initial position on the RMP (8);
lowering the elevator platform to level 2 (terminal level) (9); raising the elevator platform to the initial point
E (RMP level) (10).

Operations to move the container from the cell to the terminal and vice versa are technically carried
out in the same way using the elevator and RMP. However, they require different times depending on the
rack level and cell number.

The total estimated time T of the container movement is determined as

T=2xtn+4xts+2xt,+2 xty, Q)

where ty — time of RMP movement from the elevator to the required cell or from the cell to the

elevator; t; — time of RMP carriage displacement into the cell / elevator or carriage extension from the cell /

elevator to the initial position on the RMP (t; = 6 s); t; — time of container capture/release (t; = 1 s); tn —time

of elevator platform lifting / lowering from the RMP level (L =1, 4) to the terminal level (L = 2) or from the
terminal level to the RMP level.

The value of t, depends on the cell number and is determined by the following formula

tn=tu+2xta= (INT((N+1)/2)-1) x v+2xt, 2
where N — cell number; t, — RMP travel time with nominal speed v = 0.5 m/s; ta — RMP
acceleration/deceleration time (ta = 1 s at acceleration a = 0.5 m/s?).

With a distance between rack levels of 0.5 m, a speed of lifting / lowering the elevator platform of

0.03 m/s and the RMP level number L, the value of t, is determined by the following formula
th=(0.5x |L—2[) / 0.03). 3)

The obtained formulas allow to calculate the total time of container movement for all ACSS cells and
to store it in the control system to reduce the time spent in solving the problem of rational container
placement.

The request for the issuance of one or several containers is determined by the needs of the customer.
At the same time, the number of required containers and the codes that determine their contents are indicated.
In the general case, each request is random in nature from the point of view of ACSS. However, statistical
analysis of requests from many customers allows identifying certain patterns that affect the organization of
ACSS functioning. In particular, taking into account these patterns provides a solution to the problem of
rational placement of containers with different codes in the cells of ACSS racks to reduce the time of
order fulfillment. It should be noted that the random nature of requests that change over time eliminates
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the possibility of classical formulation and solution of the problem of optimal placement of containers in
ACSS cells.

In ACSS, it is assumed that the issuance of all necessary containers specified in a specific request by
the customer is carried out only from one terminal defined by the control system. In accordance with formula
(3), the time of moving the elevator platform for the terminal level (L = 2) is zero. For levels 1 and 3, the
time of moving the elevator platform is 17 s and for level 4 — is 34 s. This allows the system to use the
terminal of the first elevator (as the fastest due to the absence of the need to move the elevator platform) to
serve priority customers with a large number of containers. The second elevator serves the fourth level with
the longest time of moving the elevator platform to the terminal — 34 s. The terminal of this elevator is used
for orders with a small number of rarely used containers. The third and fourth elevator terminals, which serve
the first and third levels, respectively, with an elevator platform travel time of 17 s, are used to service
requests with an average number of containers.

The following adaptive method of rational placement of containers in ACSS cells is proposed in the
paper. The task of rational placement of containers in cells is solved separately for each level. In this case,
statistical data on the issuance of containers for this level for a certain period of time are used.

The essence of the adaptive method for rational placement of containers in cells of a certain level is
as follows.

In the zero cycle, primary statistical information is collected on the number of issued containers
(frequency) No(K) for each code K for a certain period of time (without using a control system). The total
number of issued containers Ngs is determined by summing the frequency No(K) for all codes. For each code
K, the relative frequency No(K)/Nos is determined, which approximately corresponds to the probability of
requesting a container of the corresponding code Po(K). The number of codes with a zero frequency Koo is
determined. A frequency array M1(K) is formed to determine the required number of containers of each code
to fill the cells of this level. For codes with a zero probability, the initial frequency value is set to 2. For the
remaining codes, the value of the elements of the array M1(K) is determined as INT((50 — Koo)x Po(K)). Free
cells of the level (starting from the smallest addresses) are filled with containers with codes for which the
elements of the M1(K) array have the greatest value. Free cells with larger addresses will gradually be filled
with containers with codes for which the values of the elements of the array M1(K) will decrease.

In the first cycle, the control system determines the frequency N:(K) for each code for a new period of
time. The remaining containers of each code Zi(K) = M1(K) — N1(K) are determined. N1(K) is summed and
the total number of issued containers Nis is determined. The relative frequency Ni(K) / Nis is determined,
which corresponds to the probability P1(K). The number of codes with a zero frequency Ko is determined.
A frequency array Mz(K) = (50 — Kio) x P1(K) is formed. Starting from the smallest addresses, the cells are
filled with containers with codes that have the largest value Mx(K). The values of the elements of the array
M_(K) are adjusted taking into account the remaining containers Z:(K) to determine the real number of
containers with the corresponding codes M, (K) = Mz(K) + Z1(K). The determined values of the frequencies
of the array M(K) are recommended by the system for filling the cells taking into account the issued
containers. Changing the array M»(K) by the system operator allows changing the number of containers with
certain codes.

Results and Discussion

Subsequent cycles are performed similarly to the first cycle. The method is applied to the remaining
levels of ACSS. The results of the application of the method for the test example are presented in Table.

The following new theoretical and practical results were obtained in the work:

1. The technical and organizational components were isolated and their functional interaction was
ensured in the process of comprehensive development of the control system.

2. The system structure for controlling the main ACSS units was proposed.
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Results of using the method for the test example

K No(K) Po(K) Ma(k) N1(K) Z3(K) P1(K) M2z(K) Mz"(K)

1 1 0.067 3 2 1 0.046 2 3

2 3 0.200 9 9 0 0.216 9 9

3 2 0.134 6 5 1 0.120 5 6

4 5 0.335 15 13 2 0.312 13 15

5 4 0.268 12 11 1 0.264 11 12

6 0 0.0 2 0 2 0.0 0 2

7 0 0.0 2 1 1 0.024 1 2
15 1.00 49 41 8 0.982 41 49

3. Original circuit solutions for functionally complete control units for the RMP and the elevator were
proposed, which minimize the number of interface signals and the load on the microcontroller.

4. In-depth control by the microcontroller over the functioning of the control units was proposed and
implemented based on the use of information feedback and the estimated time of operations execution.

5. Formulas were obtained for determining the time spent when performing container movement
operations.

6. A method for rational placement of containers in rack cells at different levels was proposed in order
to reduce customer service time.

7. The specifics of the proposed method of placing containers for further improvement of the
organizational component of the control system are determined on the test example.

Conclusions

The proposed distribution of functions between the technical components of the ACSS provides
structuring of the control system presented in the work into functionally complete blocks and simplifies and
reduces the cost of its technical and software implementation. It is planned to continue the work in order to
conduct research to increase the reliability and efficiency of the system.
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KEPYBAHHSI B ABTOMATHU30BAHIN CUCTEMI 3BEPITAHHSI KOHTEVMHEPIB HA BA3I
POBOTHU30BAHUX MOBUJIBHUX IIJIAT®OPM

Otpumano: Cepriens 12, 2025 / Tlepernsinyto: Cepriens 25, 2025 / Tpuiinsto: Bepecens 2025
© Masyp B.”, 2025

AHoraniss. Po3poOneHHsl eQekTHBHHX 3ac00iB aBTOMaTH3alil CKJIAJACHKUX poOIT 3abe3neuye MOXK-
JMBICTB IX IIMPOKOTO i YCHINIHOTO BIpoBakeHHA. OZHUM i3 NePCHEKTHBHUX, Ha HALl MOTJIAJ, HANPSAMIB €
CTBOpPEHHSI aBTOMAaTH30BaHOi cucTeMu 30epiranns koHTelHepiB (AC3K), ocHoBaHOi Ha po3moaini (YHKIIN
nepeMilleHHs Ta 30epiranHs KOHTeiHepiB MK 11 ckiagoBumu. 3anpornonoBana AC3K, B skiil mepeMilieHHs
KOHTEHHEpiB Y BEpTUKAIbHIH IUTONUHI MK KUThKOMa PIBHAMI CTENAXIB 3iHCHIOEThCS TidTamu. [lepeMinieHHs
y TOPU30HTANIBHIN TUIOMIKHI (IJ1s1 KOXKHOTO PiBHI) 3abe3neuye poboTH3oBaHa MoOLIbpHA mardopma (PMII), na
BIZIMIHY BiJ| NOMyJSIPHUX HHUHI CHCTEM, B SIKUX OCHOBHI omlepauii i3 mepeMillleHHs] KOHTeHHEepiB BUKOHYIOTh
PMII, ocnameni maninyssitopamu. B poboti onucano kepyrouy cucremy AC3K, sika 3abe3neuye kepyBaHHs
yotupMa sidramu i sotupma PMII (110 oHi 7151 KOSKHOTO PIBHS CTENAXKIB) IiT Yac MepeMileHHsT KOHTEHHEpiB.
Po3risiHyTi ABI CKJIQJIOBI KEpYHOUYOi CHCTEMH: TEXHiYHa, siKa 3a0e3redye KepyBaHHS TEXHIYHUMH 3aco0amu
AC3K (mipramu ta PMII), Ta opranizaiiiiHa, sika BH3HA4Ya€ MOCIIIOBHICTh 3aBaHTaKCHHsS KOHTCHHEPIB Y
KOMIpPKH CTEJIaiB Ta BUHMaHHS iX 3BiATH.

KarouoBi cioBa: aBTromMaru3oBaHa cucreMa 30epiraHHsi KOHTEHHEPIB, MPOTOTHII POOOTH30BAHOI
MOOLITBEHOT TUIATGOPMHE, CHCTEMa KepyBaHHs, IUIaHyBaHHS PO3MILICHHS Ta BUHMaHHS KOHTeHHEPIB.
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