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Abstract 

This project was developed under the Dissertation of Integrated Master in Mechanical 

Engineering of FEUP in collaboration with a company of automatic systems for internal 

transport. 

The actual competitiveness in the technological market and its day-to-day evolution require a 

frequent development of the Company’s systems and their processes. More and more the 

client plays an important role and its satisfaction is the business engine. 

In recent years, ASTI has detected some errors in dimensioning the vehicles’ fleet size to 

provide, which may cause lack in the number of the AGVs applied. 

This work was performed with the objective of reduce the errors, adjusting the calculation of 

the required number of vehicles to the real situation. 

The currently used tool and its predecessors were studied, in order to understand the variables 

considered in the calculation and the criteria for their determination and some key points were 

found. 

It was followed by a data analysis about the historical data, registered in facilities of 

company’s clients, focused on the key points previously determined – circulation speed, 

loading/unloading time and lost time. 

The analysis performed allowed to indentify differences between the theoretical estimation 

and the real situation and more adjusted parameters were implemented in the model. It was 

followed by an iterative process in order to optimize the calculation tool. 

Once the tool was developed, it was tested and improvements in determining the required 

number of AGVs to provide were verified by observation of the reduction in the error 

between estimation and reality. 
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Modelo matemático para dimensionar corretamente a frota de AGVs 

Resumo 

Este projecto foi desenvolvido no âmbito da disciplina de Dissertação do Mestrado Integrado 

em Engenharia Mecânica da FEUP em colaboração com uma empresa de sistemas 

automáticos de transporte interno. 

A actual competitividade do mercado tecnológico e a sua rápida evolução exigem um 

constante desenvolvimento dos seus sistemas e respectivos processos. Cada vez mais o cliente 

assume papel de destaque e a sua satisfação é o motor do negócio. 

Nos últimos anos têm-se verificado erros no dimensionamento da frota de veículos a fornecer, 

o que por vezes provoca insuficiência no sistema de transporte aplicado. 

Este trabalho foi realizado com o objectivo de diminuir os erros, ajustando o cálculo do 

número de veículos necessários à situação real. 

Foi estudada a ferramenta de cálculo usada e as suas antecessoras, de forma a entender as 

variáveis consideradas e quais os critérios para a sua determinação, tendo sido encontrados 

pontos-chave a melhorar. 

De seguida, foi feita uma análise de dados sobre dados históricos registados em instalações de 

clientes da empresa, focada nos pontos-chave previamente determinados – velocidade de 

circulação, tempo de carga/descarga, tempo perdido. 

Foram identificadas diferenças entre o cálculo teórico e as situações reais e procedeu-se à 

implementação de parâmetros mais ajustados à realidade. Seguiu-se um processo iterativo de 

forma a optimizar a ferramenta de estimação. 

Desenvolvida a ferramenta, foram verificadas melhorias na determinação do número de 

AGVs a fornecer ao cliente por observação da diminuição do erro entre o cálculo teórico e a 

realidade. 
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1 Introduction 

This document presents the project developed during a five month internship at ASTI, Spain. 

This chapter introduces the company, briefly describes the project and its objectives, presents 

the methodology adopted and ends with the structure of this report. 

1.1 Company: ASTI 

Founded in November of 1982 in Burgos (Spain), ASTI (Automatismos y Sistemas de 

Transporte Interno, S.A.U.) is a familiar company.  ASTI projects, develops, produces and 

maintains automatic transport and loads maneuver systems according to clients’ request. 

It started as a local business of Conveying and materials handling systems but soon was 

introduced a new area, IT Systems. In 1987, the company expanded the geographical range to 

all Spain territory, with some big projects, namely in Madrid. The next year was marked with 

the implementation of the third business area, AGV Systems (AGVS). 

Bigger things would come to ASTI, when they moved out (2002) to an industrial polygon 

20km far from Burgos. Located in Madrigalejo del Monte (up today), with an area of 5.500 

sq. meters, 4 times bigger than today’s needs, the company has enough space to keep rising 

without  having to move out soon.  

During 2003, the management of the company was given to the actual general director, 

Veronica Pascual Boé, passing it to the family’s second generation. 

In 2007, ASTI expanded to international clients and in the next year created a commercial 

office in Buenos Aires (Argentina) to deal with the South American market.  

The company keeps a continuous investment in research and development in order to always 

provide innovative solutions and improve the operational quality of costumers’ facilities. This 

work philosophy requires a huge flexibility to adapt to every costumer’s needs and is based in 

the company’s mission – “Costumer satisfaction is our driving force”. 

In order to keep a continuous improvement and development of its own technology, ASTI 

maintains a close relationship with researching centers and universities. 

ASTI consists of four main divisions – I+D+i (i.e. Research, Development and Innovation), 

Operations, Business Development and Central Systems. The organizational chart of the 

company is shown in Figure 1. 

1.2 The Project 

This project was developed in the Business Development Department of ASTI, in the 

subdivision of Commercial Engineering. 

A new prospect client brings a new project, which implies some studies on different areas. 

One of the main steps of that process is determining the required number of vehicles to 

comply with plants’ transports requirements. 

Along the years, it has been observed a frequent error in the final number of vehicles obtained 

by the existing calculation model and the error becomes larger as the plants’ complexity 

increases. The necessity to develop a new model that can better adjust the computed number 

of vehicles to the real amount needed becomes unquestionable. 
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Figure 1 - Organizational Chart of ASTI 

 

For that purpose, were studied the previous tools known in the company to understand how 

the computation of the required number of AGVs is performed and what are the variables 

considered. After that, it was decided to obtain real data, extracting from SIGAT (Integrated 

management system), of some clients in order to find how to improve the estimation of the 

final number of AGVs. 

The analysis showed some interesting values that could make a better tool, mainly about the 

average velocity of a vehicle.  

The development of a new estimation model was performed based on the previous tool so that 

the users, that already known it, could understand it easier. Also some improvements were 

done, apart from the calculus, thinking in the users and trying to make their work simpler. 

 

1.3 Structure of Report 

This chapter presented the company and a small description of the project. 

The second chapter reviews the state of the art, presenting some fundamentals and describes 

the previous tools. 

Chapter 3 presents the data analysis performed during the project and discusses the results. 

Chapter 4 deals with the proposed model, presents the variables used and the discussion of the 

results. 

Chapter 5 presents the general conclusions about the project and proposes some ideas for 

future work. 
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2 State of the Art 

2.1 Literature Review: AGVS and Fleet Size Estimation 

An automated guided vehicle system (AGVS) “(…) consists of a set of cooperating driver-

less vehicles which transport goods and materials among the different workstations and 

storage sites of a production facility, usually by following a set of predetermined, physical or 

virtual guidepaths embedded in the facility layout, and coordinated by a centralized or 

distributed computer-based control system.” [4] 

Nowadays the industry is more and more directed to the client, leading to an increased 

flexibility in the production systems due to reduced waiting times and frequent changes in the 

production orders. Since the flexibility is one of the advantages of AGVS comparing with 

other material handling systems [3], the business has been rising. 

The application of this kind of system has no limit and is expanding continuously but, usually, 

they are installed in plants with considerable throughput frequencies and/or multi-shift 

operations, which lead to a faster payment of the system reducing unit operating costs. [2], [3] 

The advantages of AGVS exceed the economic questions and are also related to the operators’ 

safety and the better efficiency. An automatic transport system means safety, as the vehicles 

have many safety control systems that stop the movement as they ‘see’ an obstacle, and better 

space utilization. Also, the integration of automatic transportation in a facility with other 

automated systems allows getting more from these systems. [2], [3], [6] 

Although some sources date the creation of automatic guided vehicles back to 1950’s, the first 

installation of a large-scale system was in the plant of Volvo at Kalmar (Sweden) in 1974. [3] 

At that time the AGVS were still immature and the research on their design and operational 

issues was launched by Maxwell and Muckstadt in 1982 with the publication of [2]. [4]  

Designing an AGVS implies different studies to determine the better system to be applied and 

it depends on the unit load, throughput, distances between workstations, client’s available 

budget, among others. [6] 

In the context of this project, the focus will be on the determination of the required number of 

vehicles to comply with the throughput requirements. This estimation, essentially depends on 

the distances, flow quantities and speed of travel and can be expressed as the total time 

required to transport the flow quantities in a planning horizon divided by the length of the 

planning horizon. The total time of each round-trip usually consists of three main elements: 

 Time spent loading at the pick-up station and unloading at the drop-off station; 

 Loaded travel time; 

 Empty travel time from one delivery to the next pick-up station. 

The final number of vehicles required would result of the repetition of the process for all the 

expected round-trips. [1], [2], [3], [6] 

However, calculating the required fleet size is not as trivial as it may look like. Most of 

applications need more than one vehicle which creates traffic and the calculation turns to be 

an estimation as it is quite impossible to know the lost time due to congestion. More vehicles 

lead to more traffic, which leads to more vehicles and less efficiency. The most usual causes 

of congestion include blocking at intersections and waiting in line. [2], [6] 
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With the stated above, it is impossible to effectively calculate the fleet size by analytical 

methods. The most reliable method to determine the required number of vehicles is simulation 

but it takes a considerable time and to run it would be necessary a path. The design of the 

guide-path has much influence in minimizing blocking occurrence and it would be a good 

help to the user of the calculator if it was planned before. However, in an initial phase of the 

project is important to have a projected total cost of the application in a short-time window. 

As the guide-path design and the simulation are iterative processes that take too much time, in 

an early stage the fleet size is estimated by an analytical model, which can be a good 

indication to future detailed simulation. [1], [2], [3], [5]   

2.2 Vehicle: Counterbalanced AGV 

ASTI develops a wide range of automated guided vehicles, depending on projects’ 

characteristics. The studies presented in this document were based in projects provided with 

the Counterbalanced AGV (Figure 2). 

 

Figure 2 - Counterbalanced AGV from ASTI (Source: ASTI) 

This vehicle is based on an electrical counterbalanced stacker with 1200 kg as maximum load 

weight and is provided to applications that request palletized loads transportation. [7] 

It is a laser-guided vehicle so there is not a floor path, which allows changing the path easily. 

The laser guidance system is based on a laser scanner, mounted on a mast, which triangulates 

the vehicle position by detection of at least three reflectors. The reflectors are disposed along 

the facility, fixed in columns, walls, production machines, etc.  

Emitted by a pulse transmitter, a laser beam is reflected outwards by an internal mirror that 

rotates at 6 revolutions per second, scanning the AGV’s area. The laser beam is reflected back 

to the scanner, providing the distance and angle, which are used to obtain the vehicle’s current 

position. 

One of main advantages of AGVs is their safety compared with other material handling 

systems. In order to assure it, the counterbalanced vehicle is provided with some safety 

systems that are described below. 
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 Perimeter bumper – The vehicle has a rubber bumper covering its entire perimeter, 

which stops immediately the vehicle when contact with an obstacle. To restart moving 

is necessary to press the reset button. 

 Forward laser scanner – The AGV is provided with a 180º safety laser scanner in its 

front, which is configured with two virtual safety zones. One zone makes the vehicle 

reduce its speed after detecting an obstacle (warning zone) while the stop zone implies 

an immediate stop of the AGV. As the obstacle is removed, the movement is restarted 

automatically after a predetermined time.  

 Reverse laser scanner – The same system as the forward laser scanner but the laser is 

installed at the rear. 

 Emergency stop buttons – The vehicle has a set of manually operated buttons that 

when pressed (i.e. one of them), it stops immediately. The system restarts pressing the 

reset button. 

 Emergency stop via radio – One or all AGVs operating at a moment can be 

immediately stopped by an option in the management console of an AGVS. To restart 

the system is required to unlock the option in the console. 

 Signal warnings – The vehicle emits acoustic and luminous signals which may warn 

the operators of its presence. 

One of the decisions when designing an AGVS is the type of battery charging and it may have 

some influence in determining the fleet size. Three different types of charging are available 

and the decision is based in the project characteristics and requirements.  

 Hot charging 

This system enables battery charging to take place when the vehicle is inactive. The 

AGV is provided with a set of on-line charging contacts so the charging occurs 

without disconnecting the AGV’s electronics. The charger automatically deactivates 

when detects that the battery is completely charged. Usually, that system is applied in 

vehicles working in low frequency plants, where AGVs have frequent task-free 

periods. 

 

 Automatic battery changeover 

Automatic battery exchange systems are mainly used for plants that require frequent 

jobs and where the vehicles have not much free time. This is a fully automatic system. 

When the vehicle detects a battery charge level below the limit, it goes to battery 

changeover station to deliver the actual battery to an empty spot in the charger and 

pick-up a charged battery to vehicle’s battery spot. 

 

 Manual battery changeover 

This system is similar to automatic exchange. The main difference is that this one 

requires an operator to manually exchange the empty battery for a charged one. As it 

was described before, the vehicle automatically displaces to battery changeover station 

as it detects a low battery charge level. There, is required an operator to perform the 

exchange.  
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2.3 SIGAT 

The Integrated Management System of ASTI and Tecnisoft
1
 (SIGAT) is the software that 

manages the AGVS and is installed in the system’s control PC. 

SIGAT consists of different modules that allow the user to configure and manage the system 

and search for historical data.  

All the operations performed by the vehicles are registered in the system and may be exported 

to common files’ formats as Excel or .pdf. 

Among many data, the system records the date and time, the loading and unloading stations 

for each travel events. The data analysis presented in this document was based on three 

different files, extracted from three different tools of SIGAT, which are “Registration of 

Orders”, “Events’ Registration” and “Statistics of AGV’s events”. 

2.4 Previous Tools 

Some years ago, with the introduction and development of AGVS projects, the company felt 

the necessity to determine the number of vehicles to provide. So, it pulled the research about 

the fundamentals of right fleet size calculation and some tools were used, either to understand 

the basis of calculations, to effectively calculate or to develop new tools by themselves. 

Here it will be presented the main three tools previously existing in the company that were 

used first to understand how it works and then to develop a new model. They are described 

following their utility according to the objective of this project. 

2.4.1 Number of AGV’s/Cost Calculation Tool 

Starting with the simplest of the three, this tool is a simple web-based page that allows 

calculating the number of vehicles required and the cost due to their application. Also, it 

shows the annual costs with the actual situation, considering the maintenance costs with 

manual vehicles and their drivers (Figure 3). 

                                                 

1
 Tecnisoft is a sister company of ASTI that supplies hardware. 
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Figure 3 – Number of AGVs/Cost calculation tool 

In this document, it only will be analyzed the calculus of number of vehicles and its variables, 

disregarding the rest of the tool. 

The number of vehicles determination is too basic, considering just the distance between pick-

up and delivery, and the same happens with the transportation frequency. This means that the 

tool is just prepared for plants with one kind of movement. Another important variable in 

determining the fleet size is the vehicles’ speed, which is considered asking the user for the 

maximum speed of the vehicle. In this tool there is no reference to backward distance and 

speed. 

The number of AGVs is calculated according to the following formula 

 

     
   

 
               

 

Where, 

 N – Number of AGVs 

 d – Distance between pick-up and delivery stations 
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 v – Vehicles’ maximum speed 

 f – Frequency 

 

Developed from the basis of the total travel duration formula for all the movements ([d/v]*f), 

it was adjusted to AGV’s estimation.  

Assuming that each time a vehicle goes from a loading station to another one to deliver the 

unit load it has to go back to the first station, the distance turns to be twice the distance 

between the two stations considered. And per each travel (one way), the formula adds 40 

seconds to the total time. The reason of this added time is not clear and it can be based in 

many happenings that are not explicitly considered in the model such as loading and 

unloading times, traffic blocking, backward movements, others. 

As it will be visible later in this document, a common technique applied to AGV’s fleet 

determination is to divide the total time, in seconds, per 3600 (seconds in one hour). So, 

instead of have the final result expressed in required hours to make all the necessary 

movements, it is showed as number of vehicles required to make all the necessary movements 

in one hour. 

2.4.2 Danaher’s Tool 

More adequate to the pretended calculation is the Danaher’s Tool, allowing a better definition 

of an AGVS (Figure 4). 

At first, the possibility of considering so many movements as the situation requires and define 

them based on different parameters, makes the tool applicable to plants with many pick-up 

and delivery stations, which was not possible with the first tool presented. The definition of a 

system as a set of movements with their own characteristics allows the user to better define 

the system. The main purpose of that differentiation is to enable the indication of each 

movement distances and frequencies and, consequently, an estimation of the total time 

required as a sum of the necessary times to comply each movement required frequencies in 

one hour. 
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Figure 4 - Danaher's tool 

Also, in this tool each movement is divided into two different moves – forward and backward 

– and considers a value for lost times, which is defined by the user and is constant for all trips,  

better representing the reality, where a vehicle goes backward when goes into a station and 

have lost times due to many different situations. 

Also important in the calculation are the loading/unloading times. Danaher’s Tool computes 

these times based on the characteristics of each station so the user does not define them 

directly but indirectly, telling the program the height of the station and the vehicles’ lift speed. 

The last one is constant for all the system as it only depends of the vehicle. With these two 

values the program computes the time a vehicle takes to pick-up or delivers a unit load. 

Although this tool is designed to calculate the number of vehicles required to an AGVS and 

presents some good thoughts, it has some weaknesses as pointed out next: 

 Forward and Backward speeds – even defined by the user, they are constant for all 

the system and not dependent of the trip characteristics but only considers the 

vehicles’ data. 

 Loading/Unloading – Apparently well-defined by computing the time based on 

specific values and showing some concern about the influence of this action times on 

the final number of AGVs, it is misunderstood when there is a forks’ control time 

bigger than any action of pick-up or delivery. That time is counted for each trip and 

makes that the influence of the height of stations be negligible. 
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The formula used in Danaher’s to compute the minimum required number of vehicles is 

presented below: 

  

   
  

  
 

  

  
 

     

  
           

   

    
 

 

Where, 

 N – Number of AGVs 

 i – Number of the movement 

 m – Total amount of movements 

 Df – Total forward distance of each movement [m] 

 Db – Total backward distance of each movement [m] 

 vf – Forward speed [m/s]  

 vb – Backward speed [m/s] 

 vl – Forks’ lifting speed [cm/s] 

 hp – Height of pick-up station [cm] 

 hd – Height of delivery station [cm] 

 tc – Control time (doors’ opening, blocking, etc) [s] 

 f – Frequency [units/h] 

2.4.3 Excel ASTI 

Lastly, it is presented the tool currently in use in the company (Figure 5). This is a calculation 

tool developed in an Excel worksheet with a standard design and layout so it does not vary 

too much from project to project. 

In terms of the variables considered, it is quite similar to the previous tool presented. The user 

defines many types of movements as they exist and for each of them, indicates the forward 

and backward distances and the hourly frequency. The vehicles’ speeds are also defined as 

one value for all the movements, depending only on the vehicle characteristics. 
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Figure 5 - Excel ASTI 

Different from Danaher’s is the definition of the loading/unloading and control time. 

Concerning the lifting actions of loading/unloading, the times are defined by the user as he 

best knows, trusting on user’s experience and knowledge. The control time – time estimated 

for vehicles stoppages – is predefined as a constant and is not dependent of the application 

and its characteristics even if in some situation it was considered a reduced control time. This 

tool also considers a time due to battery charging, which was not considered in the previous 

tools presented above. This time depends of the type of charging selected, being just 

considered a time if the batteries are in hot charging. 

The total time necessary to complete all the movements required for one hour of working is 

then computed, in seconds. That time is converted to number of vehicles required dividing it 

by 3600. 

One advantage of this model is the freedom to define the loading/unloading times for each 

movement. However, it can be only an advantage if the user doesn’t have minimum practice 

in this field. On the other side, the constant control time and the stated speeds are a 

disadvantage. 

 

2.4.4 Conclusions 

 The first tool presented shows many weaknesses and is clearly too simple. Therefore it 

is not useful; 

 About the last two models, the one currently used by the company is more flexible, 

due to its structure in an Excel file, being also the more adequate to the pretended 

estimation; 

 From the considerations stated above, it was decided to develop a new model based on 

the structure of the Excel ASTI, taking advantage of the fact that the users already 

know it and are familiarized with – the change will be easier. 
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3 Application of Current Models to Real Projects 

3.1 Studied Projects 

Four real projects were studied to perform the data analysis presented in the next chapter. 

Those projects were characterized in terms of number of vehicles required, distance to travel 

and critical zones (Figures 6 and 7).  

It was defined that there are two types of zones that are critical to the vehicles’ blocking, 

 Intersection – a cross of various paths 

 

 

Figure 6 - Example of an intersection. Vehicle 3 (red AGV) is blocked by 

vehicles 4 and 1 

 Queue – zone with high possibility to create queues that may have a cross attached 

 

 

Figure 7 - Example of a queue. Vehicle 1 (red AGV) is blocked because vehicle 4 

will deliver a pallet in the final station (green rectangle) 

This definition is essentially based on the operation time in each of those zones since in an 

intersection the stoppage of a vehicle due to the presence of other vehicle in its path is about a 

third part of the operation time in a queue. This relation, between the operation time in 

different zones, was obtained by observations in real installations and simulation videos. 
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The distance to travel was defined according to the distances between the pick-up and 

delivery stations and the three following parameters were defined: 

 

 Short distance path – guide-paths with up to 25 meters; 

 Medium distance path – guide-paths from 25 to 60 meters; 

 Long distance path – guide-paths longer than 60 meters. 

The projects
2
 are presented below, from the smallest to the largest one.  

3.1.1 Project I 

The first project studied is a small plant with four pick-up stations (palletizers) and one drop-

off station of full pallets. Also, the vehicles need to transport empty pallets from their location 

to provide the palletizers. All the stations are quite close to each other so the distances are 

short. At this time, there is one AGV working in this facility which means that there is no 

blocking. 

3.1.2 Project II 

This is also a small project, where the machines are well distributed in the plant so the layout 

is simple. There are ten palletizers, which work as pickup/delivery (P/D) stations since the 

vehicles need to provide them with racks of empty pallets, one delivery station for full pallets 

and one pick-up station of empty pallets’ racks.  The distances are short but there is a 

considerable amount of flow so the system requires 2-3 vehicles. There is one critical zone of 

type ‘Queue’. 

3.1.3 Project III 

Project III was the main object of study as it has more data registered in the system. This is a 

more complex plant comparing with the last two presented, mainly due to the amount of 

stations and to the fact that most of them are P/D stations. In this facility there are two zones 

of circulation, one in the warehouse with one vehicle working and another in the production 

facility with 4 AGVs. The last zone is composed by 17 production machines that work as P/D 

stations, one station for the delivery of full pallets and 8 stations to pick-up empty pallets to 

transport to the production machines.  

The layout of this plant has two critical zones, one of each type, which creates considerable 

traffic losses. 

3.1.4 Project IV 

This project was not object of a deep analysis. Is a very complex plant with many stations and 

types of movements so only the movements from the palletizers to the wrapping machine 

were analyzed. In this facility there are 20 palletizers and 1 wrapping machine working with 5 

vehicles, which creates a queue zone in the entrance of the wrapping machine. The distances 

vary between small and long for the movements considered. 

A summary of the characterization is shown in Table 1. 

                                                 

2
 Unable to show more detailed information about each project due to confidentiality. 
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Table 1 - Summary of the characterization of studied projects 

Project Distance to Travel Critical Zones 
Number of AGVs 

Required
3
 

I Short Queue
4
 1 – 3 

II Short Queue 2 – 4 

III Short/Medium Intersection + Queue 4 – 6 

IV Short/Long
5
 Queue 5 – 8 

 

3.2 Data Analysis  

To understand the reality of AGVs calculation variables and consequently improve the 

existing tool, rectifying the mistakes that have been done, it was necessary to analyze some 

data regarding to real applications in some clients’ plants.  

That data was obtained from SIGAT “Registration of Orders”, extracting it to an EXCEL file, 

so it can be easily studied. The system registers all the orders attributed to the vehicles and, 

for each order, among other information it shows to the user the following events’ date and 

time:  

 Order’s Generation 

 Permission to Pick-up 

 Begin of Pick-up 

 End of Pick-up 

 Permission to Delivery 

 Begin of Delivery 

 End of Delivery 

 End of Order 

An example of the data extracted from that file is shown in Figure 8. 

 

Figure 8 - Example of a "Registration of Orders" file 

                                                 

3
 Number of AGVs Required refers to the total number of vehicles that should be provided to the client. 

4
 A queue may exist if there is more than one working. 

5
 16 of the 20 palletizers have short distance trips to the wrapping machine. The other 4 have long trips. 
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This data was used to study the real times in the four installations analyzed, with the focus in 

three parameters already defined as variables to improve – Loading/Unloading; Vehicles’ 

Speed; Control.  

3.2.1 Loading/Unloading times 

Two different ways to obtain loading or unloading times were considered in the different tools 

shown previously. In Danaher’s Tool the loading/unloading times are computed based on 

station’s height and forks’ lifting speed, while in Excel ASTI those times are freely defined by 

the user. One more refined than other, but no one accurate enough to make the user feel 

comfortable with the obtained value. Hence, it was important to re-define the decision criteria 

and create some standardization so the user feels that his decision is correct. The study of the 

previous tools showed that it may be a good idea to define the time spent in some station 

based on its height or on other station/vehicle characteristics. 

3.2.1.1 Methodology 

The purpose of this analysis was to understand the behavior of the vehicles on lifting a unit 

load inside of a station. First, loading/unloading times for each station were calculated, since 

it was defined before that this time is dependent of the station height. After computing the 

times it was necessary to analyze if the height of the station has any influence and how to 

define it. 

 

Figure 9 - Example of the method to compute the loading/unloading times from 

"Registration of Orders" 

To compute these times the files presented above were used. From that set of registered 

parameters, were computed the differences between “Begin of Pick-up” and “End of Pick-up” 

for loading times (Figure 9) and “Begin of Delivery” and “End of Delivery” for unloading, 

expecting a quantitative demonstration of what happens in a real situation of lifting. Soon, and 

after repeating the process for all the projects it was concluded that the information provided 

by that file was not useful for that study, since the definition of pick-up/delivery as the time 

between “Begin of…” and “End of…” does not correspond to the effective lifting time. It 

happens because the action of “Begin of…” is registered some meters before the station, 

considering most part of the backward movement and consequently increasing the lifting 

time. 

After that, another type of data was extracted from SIGAT “Events’ Registration” (Figure 10) 

– also in an EXCEL file – but only from projects I and III, since this type of data was not 

registered for projects II and IV. It provided more reliable data so the lifting times were 
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computed following the definition of lifting. This new file registers the events of a vehicle 

such as order’s reception, permission to lift the forks to a specified height, achievement of a 

height, among others.  

 

Figure 10 - Example of an "Events' Registration" file 

The column “PAR2” indicates the path segment where the event occurs while the “PAR3” 

indicates the predetermined height. Columns “PAR1” and “PAR4” show values that were not 

considered for that study. 

To obtain the lifting times, it was computed the difference between the request for the height 

of the station – immediately before start lifting – and the achievement of that height – 

coincident with the end of lifting. 

3.2.1.2 Results 

Projects I and III, the ones that have been deeply analyzed, have the stations at low levels and 

most of them on or close to the floor so the influence of the station’s height was not object of 

quantitative results. 

The lifting times were analyzed by some statistical parameters and the results are shown from 

table 2 to table 5 where, 

 Station Number is the identification number of the station; 

 Station Code is the code number of the station used to identify the station in internal 

software; 

 Average Time is the real average lifting time for the station; 

 Amount of Data is the quantity of lifting times analyzed for the station; 

 Mode is the mode time for the station; 

 % of Mode is the quantity of lifting times equal to the mode time relatively to the 

amount of data. 

Table 2 - Lifting times [s] in pick-up stations (Project I) 

Station 

Number 
Station Code Average Time 

Amount of 

Data 
Mode % of Mode 

1 1 6 25 6 44% 

2 20 2 330 2 67% 

3 51 7 166 7 54% 
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4 61 7 120 6 49% 

5 62 7 114 6 41% 

6 71 8 137 8 37% 

7 72 8 141 8 38% 

8 81 6 350 5 56% 

 

Table 3 - Lifting times [s] in delivery stations (Project I) 

Station 

Number 
Station Code Average Time 

Amount of 

Data 
Mode % of Mode 

9 10 6 25 6 44% 

2 20 2 330 2 67% 

4 61 7 166 7 54% 

5 62 7 120 6 49% 

6 71 7 114 6 41% 

7 72 8 137 8 37% 

 

Table 4 - Lifting times [s] in pick-up stations (Project III) 

Station 

Number 
Station Code Average Time 

Amount of 

Data 
Mode % of Mode 

1 H110 4 29 4 34% 

2 H120 3 17 3 53% 

3 H130 4 55 4 27% 

4 H140 4 219 4 27% 

5 H150 3 18 3 44% 

6 H160 4 89 4 36% 

7 H170 4 40 4 30% 

8 H180 4 209 4 28% 

9 H190 4 192 4 35% 

10 H200 4 66 5 33% 

11 H210 4 106 3 31% 

12 H230 4 124 3 32% 

13 H250 4 176 4 28% 

14 H260 4 136 3 30% 

15 H270 4 496 3 23% 
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16 H290 4 123 3 34% 

17 H300 4 139 4 27% 

18 62 5 127 4 32% 

19 63 5 30 5 33% 

20 64 4 299 5 33% 

21 65 4 425 4 31% 

22 66 4 137 4 30% 

23 67 4 1037 4 34% 

 

Table 5 - Lifting times [s] for delivery stations (Project III) 

Station 

Number 
Station Code Average Time 

Amount of 

Data 
Mode % of Mode 

1 H110 3 28 2 32% 

2 H120 3 19 2 26% 

3 H130 4 58 3 34% 

4 H140 3 212 3 34% 

5 H150 3 17 2 41% 

6 H160 3 92 3 42% 

7 H170 4 39 4 31% 

8 H180 3 216 3 33% 

9 H190 3 188 3 30% 

10 H200 3 66 2 33% 

11 H210 3 99 3 30% 

12 H230 3 123 3 28% 

13 H250 3 170 3 39% 

14 H260 3 140 3 28% 

15 H270 3 481 2 35% 

16 H290 3 126 2 37% 

17 H300 3 134 3 31% 

Observing the tables above, it is visible that the action of lifting a unit load takes about 4 

seconds. Also, it is clear that the lifting times are bigger in the project I than in the project III. 

The vehicles working in project I have a load stabilization system applied, which causes a 

slow lifting in the final part of lifting. This explains the difference between the lifting times of 

these two projects. 
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3.2.2 Vehicles’ Speed 

In the tools presented in the chapter 2, it was seen that the speed considered in the formula, 

always inserted by the user, is the maximum speed allowed to the vehicle. The maximum 

speed of a vehicle is only dependent of its characteristics and is determined by mechanical 

considerations, not being dependent of plants’ layout or any other specification of the project. 

From this and knowing that one AGV has to reduce the speed to run curves and also has stops 

(which imply accelerations and decelerations), it is understandable that it should be changed 

to a project-dependent variable and never should be considered the maximum speed allowed. 

3.2.2.1 Methodology 

Theoretically, the displacement time of a movement should be the time interval between the 

moment at which the vehicle ends the pick-up and the moment at which it starts the delivery. 

However, as the “Begin of Delivery” is registered still in the backward movement of the 

vehicle (some meters before the vehicle arrives the delivery station), the displacement times 

were calculated as the time interval between “End of Pick-up” and “End of Delivery”. Then, 4 

seconds (unloading time) were subtracted of that time so it was possible to get the 

displacement times (Figure 11). The described above is expressed by the following formula: 

             

Where, 

 Td – Displacement Time [s] 

 De – End of Delivery 

 Pe – End of Pick-up 

Those times were analyzed by type of movement, since each movement has its own distance, 

to find the minimum travel time of each movement – it can be understood as the clean time of 

a movement.  

Since the registering system is not perfect, and there are some occurrences during the trips 

that may mislead the time register process, there were some values that are very short and do 

not correspond to real times. So, a data selection was made to assure the times would be 

feasible to calculate the average speed.  
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Figure 11 - Example of the method to compute the displacement times from 

"Registration of Orders" 

After selecting the real minimum times and knowing each movement distances, the maximum 

speed for each move and the maximum average speed for that plant were computed. All this 

process was repeated for each installation of the four studied projects. 

3.2.2.2 Results 

The average speed of each project was computed using the Excel tool Solver, in order to 

maximize the general average speed calculating the maximum speed for each type of 

movement. The results are presented in table 6. 

Table 6 - Average Speed [m/s] 

Project Distance to Travel Forward Speed Backward Speed 

I Short 0,51 0,30 

II Short 0,54 0,26 

III Short/Medium 0,87 0,40 

IV Short/Long
6
 0,65 0,25 

Observing the table 6 it is noticeable that the distance traveled by a vehicle has influence in its 

average speed. In shorter trips the capacity of a vehicle to achieve the maximum speed is 

lower, since the vehicle has less straight meters to accelerate. Also, it is visible that for short 

distances the vehicle’s speed is lower than 0,6 m/s. 

3.2.3 Control Time 

In the second chapter of this document it was seen that the previous tools – Danaher’s and 

Excel ASTI - considered a time for losses due to blocking of vehicles, waiting for permission, 

among others. However, that time is not well defined in any of those tools, which motivates 

this analysis. The purpose of this study is to get a good definition of the control time, 

understanding the influence of different variables in the lost time. As studied before, the 

                                                 

6
 16 of the 20 palletizers have short distance trips to the wrapping machine. The other 4 have long trips. 
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blocking of a vehicle due to the presence of other vehicle in its path is expected to happen 

more often as the number of AGVs is bigger and it may increase with the complexity of the 

installation. 

3.2.3.1 Methodology 

In order to understand how the lost times vary due to the characteristics of the plant it was 

decided to compute the additional times out of  the minimum previously defined to compute 

the speed (Figure 12). As the projects have different number of vehicles working, throughput 

frequencies and number of crosses, calculating the control time for each plant and then 

compare them could be a good way to find the relationship between the lost time and those 

three constraints. 

 

Figure 12 - Example of analysis of excessive times relatively to the minimum for each 

movement 

However, it could be a good method to study that question if the times were defined by its 

cause. But the cause of an excessive time is not registered in the system so it was difficult to 

know why the vehicles were taking more time than they should in a ‘clean’ situation. It may 

happen because they were blocked by another vehicle, because there is an error or due many 

other factors that happen in real applications. Hence, this was not the adopted process since 

the conclusions would not follow the reality. 

Hereupon, a new method of analysis was chosen to obtain the real values of lost time due to 

blocking of vehicles. However, this method is based on a type of data registration that exists 

only for project III, so the method just could be applied to one project providing results for 

only two situations – 3 and 4 working vehicles. 

The method stated above is based on a file, from SIGAT “Statistics of AGV’s events”. An 

extract of that file is presented in Figure 13. 
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Figure 13 - Example of a "Statistics of AGV's events" file 

The figure above shows the following set of data: 

 Column A – Day 

 Column C – Starting hour 

 Column D – Ending hour 

 Column E – Time moving forward 

 Column F – Time moving backward 

 Column G – Forward distance traveled 

 Column H – Backward distance traveled 

 Column L – Waiting for permission in queue 

 Column M – Waiting for permission in production zone 

 Column O – Blocking time in queue 

 Column P – Blocking time in intersection 

These times are the more adequate information to study the real lost time caused by vehicles’ 

interference since they register how much seconds a vehicle is stopped due to another vehicle 

blocking its path or because it is waiting for permission to pick-up/deliver a unit load.  

The permission and blocking times were analyzed as a unique time, summing both of them 

from the different vehicles circulating at each hour (illustrated in figure 14), for each one of 

the zones so the total lost time was obtained for each hour of the previous month. As the 

queue zone includes the final delivery station – all finished pallets are transported to that 

station – the operation time is around 3 times the operation time in the intersection so the 

blocking times increase. Considering that, the statistical analysis was done separately for each 

zone. 
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Figure 14 - Method to determine the total time lost per hour in the intersection    

(Project III) 

For each hour, the lost time due to blocking and permissions was computed following the 

formula: 

              

 

   

 

Where the indexes h and i correspond to the hour h and the vehicle i, respectively. 

 n is the total number of vehicles working at hour h; 

 LT is the lost time due to blocking and permissions 

 P is the time lost due to permissions 

 B is the time lost due to blocking 

3.2.3.2 Results 

The data presented above, is relative to project III, and was analyzed with the statistical 

software Minitab 16.  The graphical summaries for the lost times (permission waiting + 

blocking) for the two different zones with 3 and 4 AGVs in circulation are presented in 

figures 15 to 18. 
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Figure 15- Graphical summary of control time for the intersection with 3 AGVs 

 

Figure 16 - Graphical summary of control time for the intersection with 4 AGVs 
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Figure 17 - Graphical summary of control time for the queue with 3 AGVs 

 

 

Figure 18 - Graphical summary of control time for the queue with 4 AGVs 

From the figures shown above, it is visible that a critical zone of type queue has much more 

influence in the lost time than an intersection. Also, more vehicles imply more lost time and 
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the growth is bigger for queues, confirming that the main critical zone of an installation is the 

zone with good possibility to form queue. 

The permission time was studied for the production machines, considering the permission 

time of each hour and the amount of permission requests in the same hour. The results are 

shown in table 7. 

Table 7- Statistical results for permission waiting time in production machines    

(Project III) 

Parameter Time [s] 

Average permission time 1,95 

Standard deviation 0,62 

Median 1,80 

 

Following the worst case situation that may happen in the real installation, it was considered 

the maximum values of the 95% Confidence Interval for Mean from the graphical summaries 

previously shown and a frequency of 80 movements per hour. Two permissions are requested 

per movement and the permission time was defined as 2 seconds considering the values 

shown above. From that, the blocking times were computed for each one of the four situations 

shown in table 8. 

Table 8 - Results of blocking time per hour (Project III) 

 3 AGVs 4 AGVs 

Intersection 165 510 

Queue 601 1563 

Total 766 2073 

Considering the total blocking time for 3 and for 4 vehicles working at the same time (Table 

8), a function was drawn and extrapolated (Figure 19) to express the influence of the number 

of AGVs in the blocking time of an AGVS. Blocking time is expressed in seconds per hour of 

working. 

Function obtained: 

 

                  

 

B – Blocking time [s] 

n – Number of AGVs 

 

 

Figure 19 - Blocking time of AGVs fleet size 
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3.2.4 Conclusions 

This section presents the conclusions of the data analysis performed during the project and 

presented in this chapter. Three parameters of the required fleet size estimation for a plant 

were analyzed with data from four different real installations leading to the following 

statements: 

 The loading/unloading as the action of lifting a unit load takes about 4 seconds for 

stations at a low level (up to 600 mm); 

 That time may be increased for different situations as in the case of a vehicle with 

some specific system (e.g. a load stabilization system); 

 The average speed is influenced by the distance, since it increases with larger trips; 

 In transportations with short path, the velocity is below 0,6 m/s. 

 The permission waiting time is about 2 seconds; 

 A critical zone of type queue causes more traffic losses than an intersection; 

 The control time (i.e. blocking time) is dependent of the number of vehicles working 

and it has an exponential growth. 

 



Mathematical model to calculate the right AGV float dimension 

29 

4 Proposed Model 

This chapter presents the developed and proposed tool to estimate the AGV float dimension. 

After an initial phase to study the current situation in the company, identify the problem and 

perform a data analysis of real applications is necessary to propose a new solution. 

The calculation tool presented in this chapter (Figure 20) was developed maintaining the basis 

and the format of the tool in use in the company, which allows an easier understand of the 

new method for the users. 

 

Figure 20 - Overview of proposed tool 

This tool was developed in an Excel spreadsheet and keeps part of the structure of the 

previous model. In terms of the utilization by the user and the introduction of the variables, 

those that were not changed are: 

 Identification of the movements [Text] – A movement is identified as “Origin – 

Destination”; 

 Forward Distance [in meters] – The distance is estimated from the layout provided by 

the client; 

 Backward Distance [in meters] – As in the forward distance, it is estimated from the 

layout provided by the client; 

 Frequency [units/hour] – The frequency of unit loads to transport is provided by the 

client. 

Variables changed: 

 Vehicles’ Speed [meters/second] – The vehicles’ speed is defined independently for 

each type of movement. Although the user has enough autonomy to define a different 

value in a specific situation, the speed is predefined and dependent of the distance and 

doesn’t require its input from the user (Figure 21). It is defined as: 

 

o 0,6 m/s for short distances; 

o 0,8 m/s for distances from 25 to 60m; 

o 1,0 m/s for long distances. 
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Figure 21 - Disposition of movements, distances, speeds, permissions and 

loading/unloading 

 Loading/Unloading [seconds] – Read “Lifting time”. As in the speed, this is a 

predefined variable that may be changed by the user (Figure 21). However, this value 

should be inserted by the user for each movement as it depends on the list of the 

movements. The time that a vehicle takes loading or unloading is defined as follows: 

 

o 4 seconds for stations with height up to 600 mm; 

o For higher stations, the determination of the time is done adding to the 

4 seconds the time needed to lift the difference between the station’s 

height and the 600 mm, considering the forks’ lifting speed as 400 

mm/s (i.e. t = 4 + [h - 600] / 400); 

o For special cases of vehicles with specific systems that may delay the 

lifting, the determination of the time is user’s responsibility. 

 

 Control Time [seconds] – The time considered for losses was changed to 

communication time. It is only dependent of the amount of requested permissions and 

is defined for each movement. To the user is required the input of the quantity of 

permissions requested by a vehicle when it performs that movement and the time is 

defined as two seconds per permission (Figure 21). 

 

 Battery Charging [%] – Battery charging time is defined as a fraction of the total time 

required to comply with the transportation requirements. The user only defines the 

type of  battery charging system (Figure 22) to be applied in the facility and the time is 

computed as follows: 

o Hot charging – 25% of the total time; 

o Automatic changeover – 1%; 

o Manual changeover – 5%. 
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Figure 22 – In-Cell dropdown list to select the battery charging type  

 Blocking Time [s] - Also was changed the blocking time, which was considered in the 

control time. The blocking time is the last value to be computed and is dependent of 

three parameters – number of vehicles estimated, critical zones and frequency (Figure 

23). It requests to the user to tell the program how many critical zones exist of each 

type – queue and intersection – and the frequency, in units/h, at which the vehicles 

pass there. 

To compute it is also necessary to know the number of vehicles estimated at the 

moment, since the blocking time depends on the float size. It follows an iterative 

process and the first number of vehicles considered in the calculation is the number 

estimated disregarding the losses due to blocking. The formula of calculation is 

defined as follows: 

 

            
     

 
                          

Where, 

 

o Tbloq – Blocking time [s] 

o Zi – Number of intersection zones 

o fi – Average frequency in intersections 

o Zq – Number of queue zones 

o fq – Average frequency in queues 

o n – Number of AGVs 

 

Figure 23 - Blocking time estimation based on critical zones and number of AGVs 

The final results are shown in a table (Figure 24), which allows a good visualization of the 

difference between the working capacities for different values of vehicles, since it shows the 

results for three different numbers of AGVs. The table has six columns that present the 

following data: 

o Number of AGVs 

o Blocking Time [s] 

o Total Time [s] 

o Number of Movements 
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o Number of Unit Loads – It requests a previous input of the expected unit loads 

to be transported 

o Utilization of AGVs [%] 

o Availability of AGVs [%] 

 

 

Figure 24 - Final results presented in a table 

In order to a better perspective of the differences between the previous and the proposed tools, 

a comparison is shown in Table 9. 

 

Table 9 - Previous Tool vs Proposed Tool 

Variable 
Input by Dependent of Comments 

Before After Before After Before After 

Designation 

of Movement 
User User Initial Data Initial Data 

Obtained from 

Client (Layout) 

Obtained from 

Client (Layout) 

Forward 

Distance 
User User Initial Data Initial Data 

Obtained from 

Client (Layout) 

Obtained from 

Client (Layout) 

Backward 

Distance 
User User Initial Data Initial Data 

Obtained from 

Client (Layout) 

Obtained from 

Client (Layout) 

Forward 

Speed 
User Tool 

Vehicle’s 

Characteristics 
Distance 

Maximum 

allowed speed 

Defined based in 

the distance 

Backward 

Speed 
User Tool 

Vehicle’s 

Characteristics 
Constant Value 

Maximum 

allowed reverse 

speed 

Predefined 

Permissions 
Not 

Defined 
User Not Defined 

Permission 

Requests 
Not existing 

Number of 

requests for 

permission 

Loading/ 

Unloading 
User Tool User Station Defined by user 

Defined based 

on the height of 

the station 

Displacement 

Time 
Tool Tool 

Distance and 

Speed 

Distance and 

Speed 

Distance divided 

by speed 

Distance divided 

by speed 



Mathematical model to calculate the right AGV float dimension 

33 

Communicati

ons Time 

Not 

Defined 
Tool Not Defined Permissions 

It was part of 

control time 

Constant time 

multiplied by 

permissions 

Time per 

travel 
Tool Tool 

Loading/ 

Unloading, 

Displacement and 

Communications 

Loading/ 

Unloading, 

Displacement and 

Communications 

Loading/ 

Unloading + 

Displacement + 

Communications 

Loading/ 

Unloading + 

Displacement + 

Communications 

Frequency User User Initial Data Initial Data 
Obtained from 

Client 

Obtained from 

Client 

Time per 

movement 
Tool Tool 

Time per travel 

and Frequency 

Time per travel 

and Frequency 

Time per travel 

multiplied by 

frequency 

Time per travel 

multiplied by 

frequency 

Battery 

Charging 
User Tool Type Type 

Time inputted by 

the user 

Type selected by 

the user 

Blocking 

Time 
Tool Tool Constant Value Project 

Predefined value 

for all projects 

Computed 

based on project 

constraints 
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4.1 Results obtained with new tool 

Determining the required number of AGVs for a plant is a calculation-based decision. 

However, some variables inputted by the user are not decision-free in the current model. It 

causes a lack of reliability in the user at the moment of the final decision. 

The new model proposes more definition in determining each input and it was developed 

based on analysis of real data, which transmits confidence to the user. Also, the new tool is 

semi-automatic so the user does not need to insert formulas or modify computed cells. The 

design of this tool is clear and shows to the user which variables are required and which are 

modifiable. Formulas and macros are protected by password in order to avoid unexpected 

changes. 

Regarding the calculation function of the tool, it was developed considering that the personal 

working in the facilities will respect the circulation of the AGVs, avoiding the creation of 

obstacles in vehicles’ path. The losses caused, direct or indirectly, by human actions are not 

considered in this model. 

Using this tool, it is expected that the estimation of the number of vehicles to provide will be 

more adjusted to the real needs of the clients. Also, it is expected a reduction in the error, 

relatively to the current model, of about 20-30%. The tool was tested for project III and the 

results are shown in Table 10. 

 

Table 10 - Results for Project III obtained with different methods 

Number of 

AGVs 

Unit Loads 

Transported 

with previous 

model 

Unit Loads 

Transported 

with new model 

Unit Loads 

Transported in 

reality 

Error 

Reduction 

3 43 34 31 29% 

4 55 44 40 28% 

 

Although the duration of the dissertation project was not long enough to obtain quantitative 

results for other installations, this example sufficiently illustrate the implemented model and 

the error reduction. 
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5 Conclusions and Future Work 

The work focused in developing a better tool, not only adjusting the estimation of the required 

float dimension but also redefining the variables and simplifying its utilization. A calculation 

tool was developed but more important than an exchange is the continuous improvement. 

Considering the above stated, this section presents the conclusions about this work and 

proposes future developments. 

5.1 Conclusions 

The development of a new and more reliable tool to estimate the required number of AGVs 

was the motivation of this project. 

The project followed three main steps:  

 Study of the initial situation and previous tools used to determine the AGVs fleet size. 

Three tools were studied and evaluated and it was concluded that the calculation tool 

currently in use (Excel ASTI) was the more adequate tool to the pretended estimation. 

That tool was used as a support structure to develop the new tool 

 Analysis of data registered in real installations. In order to develop a new model to 

approach the estimated value to the reality, real data was analyzed with focus in three 

variables of the calculation – loading/unloading time, vehicle’s speed and lost time. 

 Development of a new tool. The final step of the project was to create a new tool that 

could estimate a value more adjusted with the reality and a tool that could make the 

user’s decision easier. 

At the end, the observation and experimentation of the developed tool express a model with 

more definition, more coherent and simpler to the user, which makes the user more confident 

about his decisions. 

Also, and the most important, the estimation of the required number of AGVs for an 

installation was approached to the reality and is estimated a reduction of about 25% in the 

error.  
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5.2 Future Work  

Along the project, problems were detected and some issues had no answer. In order to keep 

the competitiveness in a market that is characterized by its constant development, it is 

required a continuous improvement of the company’s own systems. That leads to the 

following proposed developments, not only in determining the right float dimension but also 

in the systems behind it, which have an important role in providing information to its 

development. 

For the calculation tool: 

 Increase of vehicles’ range, developing the tool for other type of AGVs; 

 Development of the tool to be applicable to installations that require larger number of 

vehicles; 

For the company: 

 Rectification of the record of loading and unloading, redefining and standardizing the 

starting and ending points, so that data will present uniformity; 

 Improvement of the “Statistics of AGV’s events” data registration and consequent 

development for all the projects; 

 The previous proposed leads to advising a standardization of the data registration 

system; 

Lastly, and considering as a requirement accomplishing the previously stated, it is proposed 

the development of the tool in a different format and its connection with the integrated 

management system of the company, so it may allow a real-time evaluation of the facilities’ 

requirements. 
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