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ABSTRACT 

The choice of type and structure of the automatically self-driven vehicle and used navigation technology is 

essential when developing the automatic warehouse systems. Common navigation technologies often used in large 

warehouse systems such as Amazon or Alibaba are expensive enough for use in small and medium-sized enterprises. This 

paper describes the process of developing a low-cost navigation technology for automatically guided vehicles based on 

industrial inductive sensors detecting metalized lines and RFID localization. This work presents the AGV structure and the 

basic algorithms for motion control and navigation. Virtual and physical AGV models are presented, as well as test results 

with similar control system parameters. 
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1. INTRODUCTION 

Automated guided vehicles normally mean 

mobile self-driven robots used in transporting objects [1]. 

They are widely used in warehouse systems and flexible 

automated lines of large enterprises and retailers. At the 

same time, the main reason for limiting the introduction of 

industrial self-driven vehicles in small and medium-sized 

enterprises is their high cost and, accordingly, a long 

payback period. 

One of the ways to cost-reducing of AGV is to 

simplify the principles of navigation, localization and 

positioning while maintaining operational reliability and 

the possibility of flexible generation and change of driving 

routes. 

There are new technologies for mobile robot 

navigation actively developed now. A low-cost solution is 

to build systems for indoor navigation based on Wi-Fi [2] 

and Bluetooth beacon [3] technologies. The positioning 

accuracy with this method of navigation is low that makes 

it difficult to create an industrial AGV based on it. A 

promising direction is the application of an approach 

combining simultaneous localization and mapping 

(SLAM) with the implementation of machine vision 

systems, laser or ultrasound scanners of ambient space of 

mobile robots [4-7]. However, the AGV group control is 

implemented more simply and reliably, if there are certain 

motion instructions: the motion route, marks, etc. 

Therefore, in warehouse complexes and flexible 

manufacturing AGV navigation systems are still mainly 

implemented using the following sensor technologies 

[8,9]: inductive wire and magnetic line following 

guidance, color line guidance, laser guidance, magnetic 

spots guidance, barcode guidance. The disadvantage of 

methods using laser and optical technologies is the high 

pollution sensitivity, which limits the application at some 

industrial enterprises. In general, industrial 

implementations of the previously noted navigation 

systems are quite expensive. 

In [10] it was proposed to use a metal line and 

three discrete inductive sensors to set the motion path of a 

mobile robot. Information about the state of inductive 

sensors is used to determine the motion direction of the 

differential drive. This method of the line following 

driving is insensitive to pollution and, in addition, allows 

to reduce the cost of laying the route in comparison with 

magnetic or conductive lines. However, in the presence of 

intersections and branches, this method is not applicable 

for navigation and, in addition, in the presence of wheel 

slip the system goes into a self-oscillating mode of motion 

from the left to the right sensor. 

In the papers [11-14] it is proposed to use a grid 

of radio frequency identification tags (RFID) located on 

the floor covering composed for navigation. To create a 

grid when implementing this method requires a 

sufficiently large number of passive RFID tags. 

In the present paper, there is proposed a complex 

AGV navigation technology combining motion along a 

metalized line with proportional-differential control of 

lateral deviation and coding of turns and technological 

sections (charging, loading, unloading) using RFID tags. 

This approach will create a low-cost AGV navigation 

system based on industrial inductive sensors and a small 

number of passive RFID tags and thereby reduce the cost 

of implementing an automated warehouse or flexible 

production. 

Before manufacturing a physical AGV prototype, 

in order to verify the proposed navigation technology, it is 

necessary to conduct a series of virtual tests [15]. 

Manufacturers of AGV and their components usually offer 

simulation software, for example, RoboAGVSim, Flexsim, 

Anylogic, Simcad. Such software is designed to explore 

how AGV works with known navigation technologies. 

There are also universal modeling tools in the field of 

robotics: GAZEBO, SimTwo, MORSE or Unity3D [15]. 

The process of developing AGV models with new types of 

sensor systems using these tools is quite time-consuming. 
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In our case, a more flexible solution was required, 

which allows further research of the AGV dynamics in the 

case of defects in mechanical components and failures of 

control system elements. For this purpose, there was built 

a virtual AGV prototype with elements of the warehouse 

system in the MSC Adams software, it was integrated into 

the warehouse motion control system implemented in the 

Matlab/Simulink software. This made it possible to 

conduct joint dynamics modeling of AGV motion control 

systems inside the virtual warehouse space under various 

modes. After conducting virtual tests, a physical prototype 

was implemented and tested. The results of the tests 

confirmed the efficiency of the proposed technology. 

This paper has the following organization: Sect. 2 

describes the proposed navigation technology, digital 

model and hardware implementation of the AGV 

prototype; Sect. 3 presents the results and Sect. 4 shows 

the conclusions. 

 

2. METHODOLOGY 

 

2.1 Proposed Navigation Technology 

Figure-1 shows the structure of AGV with a 

differential drive that implements the proposed navigation 

technology. This mobile robot has two driven hub motors 

with brushless DC motors (BLDC) and three caster 

wheels. The rotation speed of each hub motors is set by 

the BLDC controllers CU1-CU2. 

 

 
 

Figure-1. Mobile platform structure. 

 

The RFID reader antenna connected to the 

corresponding processing board is located at the center of 

the platform. An analog inductive sensor in the AGV 

center and two discrete DP sensors are used as metalized 

line sensors and placed so that their outputs are in a low 

state while moving without lateral deviation. Inductive 

sensors use eddy current principle. Therefore, the AGV 

motion path can be set using a standard thin metalized tape 

glued to the floor. Passive RFID tags are used to navigate 

at the intersection of the route lines, as well as at the points 

of start and stop. The current point number and numbers of 

its neighbors are recorded in the RFID memory in the 

predefined order. For the i-th tag, such a vector has the 

following form [i, left, front, right, behind]. If there is no 

tag on either side, then the corresponding element is 0. An 

example of a route section is shown in Figure-2. 

The motion controller sets ω_Left_S and 

ω_Right_S for the speed controllers of the hub motors. 

 

 
 

Figure-2. Warehouse tracks implementation. 

 

During the line following mode automatic 

compensation of lateral deviation is carried out using 

information from three inductive sensors. The presence of 

a central analog sensor generating the signal e(t) allows 

implementing a discrete P- or PD law to control lateral 

deviation by changing the rotation speed of the right ωRight 

or left ωLeft hub motor in accordance with algorithm 1. In 

this case, the side discrete sensors are used to determine 

the direction of change error e(t). Here, ωRef is the rotation 

speed of the right and left hub motors when moving in a 

straight line, kp is the gain, Td is the derivative action time, 

T0 is the sampling time. 

The algorithm also takes into account the 

deadband of inductive sensors while moving above the 

RFID tag. 

The line following mode is activated until the 

RFID tag is detected. After reading the RFID tag, a further 

decision on the choice of the motion direction is made on 

the basis of the recorded tag information and the number 

of the next target RFID tag according to the AGV route 

based on the algorithm 2. 

The turn end condition is triggered corresponding 

discrete sensors: for the left turn - the left sensor, and for 

the right - the right one. Then the line following mode is 

switched on again till the next RFID tag. 
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2.2 Co-Simulation Model of the AGV and Warehouse  

      Tracks 

Figure-3 presents the structure of the proposed 

navigation technology for simulation the dynamics of 

AGV movement. The mechanical model part of the 

transport system section contains a virtual AGV prototype, 

the wheels of which are connected through Solid-to-Solid 

contacts with the floor covering. Warehouse tracks are 

defined as polylines, at the intersection of which there are 

RFID tags located (see. Figure-2). When exporting a 

control plant using the Adams.Controls module, a cmd file 

is generated to build the model in the Adams. View 

software tool. Matlab supports the automatic selection of 

the RFID tags location points and their neighbors, as well 

as the lines of warehouse tracks, from this file. Then an 

oriented graph is generated, which is the base for 

searching the shortest route of AGV motion. At the output 

of the Path Planning subroutine we have a Route array 

containing a sequence of RFID tags that have to be passed 

through the endpoint reaching. 
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Figure-3. AGV Co-simulation model structure. 

 

The simulation of the sensor subsystem is as 

follows. The distance to the shortest metalized line is 

determined for each inductive sensor in accordance with 

algorithm 3 using the coordinates (x,y,z) of the inductive 

sensors coming from the Adams Control Plant to the 

Sensors Models subroutine in the Matlab/Simulink 

software. Then logical signal levels lsens and rsens for 

discrete inductive sensors are formed in accordance with 

the experimentally determined response range. 

 

 
 

The transition to the csens voltage signal for an 

analog inductive sensor is carried out using interpolation 

(for example, using the LookUpTable function) and the 

experimentally obtained nonlinear unimodal static map. 
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The nearest tag (from the pnts array) is 

continuously searched on the basis of the RFID reader 

coordinates and if they fall into the coverage area of the 

simulated readers, then information tag is read from the 

tag taking into account delays associated with the periods 

of polling and data transfer via interfaces in the processing 

board. 

 

 
 

Figure-4. The experimental test setup. 

 

The AGV Trip Controller selects the AGV Line 

Following or Steering Control mode depending on the 

route, the found RFID tags and the logic states of the 

discrete inductive sensors. 

The settings for the hub motor speed controllers 

ω_Left_S and ω_Right_S are formed in the line following 

and turning mode with carrying out using algorithms 1 and 

2, the “LineFollowing” and “SteeringControl” subroutines, 

respectively. A virtual prototype [16], reproducing the 

processes in a brushless DC motor and the mechanical part 

of the planetary mechanism could be used to describe the 

hub motor dynamics. However, in the presented structure 

a dynamic model is used to accelerate the calculation, it is 

specified by approximating the mathematical model of real 

hub motors with a first-order relaxation circuit with delay. 

The delay is due to the conversion of information from 

Hall sensors using the M-method [17], as well as the 

sampling time. 

 

2.3 Hardware Implementation Of The Experimental 

Test Setup 

The proposed navigation technology and AGV 

were implemented in accordance with the developed 

virtual prototype. The sensor subsystem uses the DPA-

F60-40U-2110-N analog inductive sensor, VBI-F80-40S-

2113-Z discrete sensors, and the RFID tag reader 

MicroEm UEM Mifare ICode NFC reader v6. The RFID 

tag reader has a sampling frequency of 20 Hz (50 ms) and 

50 ms is spent on sending through the RS-485 interface to 

the AGV control system, thus, the transport delay value is 

τ = 100 ms, which limits the maximum speed of the AGV. 

The metalized tape has a 50 mm width, at which the 

output of the analog sensor goes into saturation with a 

lateral deviation of more than 4 cm, and discrete sensors 

have a response radius of 40 mm. Thus, the sensing areas 

of the discrete and analog sensors intersect. 

Hub motor CU1-CU2 and AGV controllers are 

based on the STM32F103C8T6 microcontroller.  

Green-E-Motion hub motors with a speed control system 

are described by the transfer function  

WHM (s) = e
–0.13s

/(0.05 s +1), where s is the Laplace 

operator. 

 

 
 

Figure-5. Results of AGV dynamics modeling. 

 

3. RESULTS 

Virtual and pilot tests were conducted for testing 

the operability of the proposed navigation technology. 

Figure-5 and Figure-6 show the dynamics of the virtual 

prototype and physical prototype on the route [9,3,4,5] 

(See Figure-2 and Figure-4). The rotation speed of hub 

motors without lateral deviation in a straight motion ωRef = 

1.8 rad / s, and in the rotation mode ωRef = 1 rad / s. Taking 

into account the radius of the motor wheel R = 0.1 m, the 

AGV motion speed V ≈ 0.20 m / s. 
In general, the results of computer simulation and 

pilot testing at the test site are consistent. The rotation time 

of the prototype corresponds to computer simulation, and 

the time of its general motion is almost 5 s longer than 

during model tests due to more frequent compensation of 

lateral deviation. The total distance traveled by the motor 

wheels is defined as: 

 

0 0

( )

T
R

S t dt
T

   

 

For experimental tests SR = 8.3 m, the total 

traveled distance was approximately one meter longer than 

in virtual tests for which SV = 7.3 m. This is due to uneven 

floors and the presence of non-linearities that were not 

taken into account in the simulation. 
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4 CONCLUSIONS 
According to the modeling results and 

experimental tests, the proposed navigation technology has 

confirmed its operability. The developed virtual prototype 

with a control system practically corresponds to the 

physical one and can be expanded to test group control 

algorithms, diagnose failures of onboard control systems 

and restore its functioning. As future work can be 

considered usage of two analog inductive sensors that 

generate a differential signal, which will reduce the effect 

of the floor covering unevenness, a thickness change of 

the metalized line. As a result, the lateral deviation will 

decrease. 

 

 
 

Figure-6. Results of the motion control system work of 

the physical prototype. 
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