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ABSTRACT 
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Master of Science Thesis, 79 pages, 10 Appendix pages 
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Master’s Degree Programme in Automation Engineering 
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Examiner: Professor Jose L. Martinez Lastra 
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The topic for this thesis was given by Ab Solving Oy, which is specialized in the design 
and manufacturing of complex, heavy load handling systems, ranging from single air 
bearing elements to complex Automated Guided Vehicle (AGV) systems. This thesis fo-
cuses on developing the software (SW) used in Solving wheeled vehicles. The current 
structure of the SW does not allow Solving to produce vehicle types that are asked for on 
the market. 

Solving would like to base the vehicle control on Siemens Programmable Logic Control-
lers (PLCs), partly for economic reasons and partly for customer demand. The Siemens 
PLCs are currently used only in Solving air film movers, but should be expanded to be 
used in other vehicle types as well. The current SW supports the use of precisely two or 
four wheels, which must be positioned in a specific fixed relation to one another. The 
immediate challenge Solving is facing is that customers are asking for three-wheeled air 
film movers that are obviously not supported by the current solution. There are also in-
quiries for vehicles with more than four wheels, which Solving are also not able to fulfill 
today. 

This thesis presents a new program structure that will enable Solving to produce vehicles 
with an unrestricted amount of wheels positioned anywhere within the construction of the 
vehicle frame. The outcome of this thesis consists of two types of Function Blocks (FBs). 
Software engineers at Solving can use the FBs to create any imaginable layout of the 
wheels on the vehicle. By using the outcome of this thesis, Solving will be able to meet 
the market demands that they are not able to meet today. 
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Tämän työn aiheen on antanut Ab Solving Oy, joka on erikoistunut räätälöityjen, raskai-
den taakkojen siirtämiseen tarkoitettujen siirtolaitteiden suunnitteluun ja valmistukseen. 
Solvingin laaja tuotevalikoima ulottuu yksinkertaisista, yksittäisistä ilmatyynyelemen-
teistä monimutkaisiin vihivaunujärjestelmiin. Tämän työn tärkein tavoite on kehittää pyö-
rällisten siirtolaitteiden ohjelmistoa niin, että Solving pystyisi tuottamaan ajoneuvotyyp-
pejä, joita he eivät pysty tuottamaan nykyisellä ohjelmistolla. 

Solvingin tavoitteena, osittain taloudellisista syistä ja osittain asiakkaan vaatimuksiin pe-
rustuvista syistä on käyttää Siemensin ohjelmoitavia logiikoita kaikissa tuotteissaan. Sol-
ving käyttää tällä hetkellä Siemensin logiikoita ainoastaan ilmatyynyvaunuissa, mutta ha-
luaisi laajentaa Siemensin käyttöä myös muihin ajoneuvotyyppeihin. Nykyinen Siemen-
siin perustuva ohjelmisto pakottaa Solvingin sijoittamaan siirtolaitteiden pyörät tarkasti 
määritettyyn asetelmaan ja pyöriä ei voi määrältään käyttää kuin kahta tai neljää. Monilla 
asiakkailla olisi tällä hetkellä tarvetta kolmipyöräisille ilmatyynyvaunuille, joita Solving 
selvästi ei voi tuottaa nykyisellä ohjelmistorakenteella. Lähitulevaisuudessa Solving ha-
luaisi laajentaa tuotevalikoimaansa ja tarjota ajoneuvoja, joiden pyörien määrä on enem-
män kuin neljä. Tähänkään tarkoitukseen nykyistä ohjelmistorakennetta ei voi käyttää. 

Tämä työ esittää uuden ohjelmistorakenteen, millä Solving voi tuottaa ajoneuvoja, joiden 
pyörien määrä on rajoittamaton ja pyörien sijainti voidaan määrittää vapaasti mihin ta-
hansa ajoneuvon fyysisen rakenteen sallimaan tilaan. Työn tuloksena on kaksi FB (Func-
tion Block) tyyppiä, joita Solvingin ohjelmistokehittäjät voivat käyttää tuottaakseen ajo-
neuvo-ohjelmistoja. Käyttämällä tämän työn ratkaisua Solving pystyy vastaamaan mark-
kinalta tulevaan kysyntään, johon se ei ole kykyinen vastaamaan tänä päivänä. 
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1. INTRODUCTION 

Vehicle types that are familiar to most people include cars, buses, trucks and heavy ma-
chinery such as tractors and excavators. Industrial vehicles on the other hand are vehicles 
that are most likely not familiar to the majority of people. These are vehicles that are used 
in environments such as factories, docks, offshore applications and in non-recurring 
tricky situations. An industrial vehicle can be equipped with for instance 16 wheels that 
must all be able to turn at the same time, while a common, ordinary car is equipped with 
just four wheels, where only the two front wheels turn. The commissioner of this thesis, 
Ab Solving Oy produces industrial vehicles ranging from simple, single air bearing ele-
ments to complex Automated Guided Vehicle systems (AGV systems). The main point 
of focus for this thesis are the wheeled industrial vehicles made by Solving. 

1.1 Motivation and Justification 

Solving is under a lot of pressure to continuously develop their products and increase 
overall efficiency to keep up with the competition. Handling systems that should be able 
to handle heavier, larger and more complex loads than before are asked for on the market 
every day. The products and Solving itself must therefore keep evolving to be able to 
provide customers with wanted products. In the scope of this thesis Solving needs to de-
velop specifically the vehicle software, in order to be able to sell and manufacture prod-
ucts they are not able to do today. The vehicle software needs to be developed also such 
that Solving will be able to make products that will be interesting in the near future. The 
particular problem this thesis addresses is currently not allowing Solving to fulfill all in-
quiries coming from customers.  

1.2 Problem Statement 

The vehicle software Solving is using in the Siemens Programmable Logic Controller 
(PLC) based vehicles today allow for precisely two or four wheels, positioned in a spe-
cific fixed relation to one another. Normally one vehicle contains two wheels and there is 
an option to connect two vehicles together either side-by-side or end-to-end. Two or four 
wheels positioned in this particular layout is obviously not enough for providing the re-
quired support for the heavy loads the vehicles must be able to handle. The size and 
weight of the load, can easily require 16 wheels and sometimes even more.  

The immediate challenge Solving is facing is that customers are asking for air-film mov-
ers with three wheels, which are clearly not supported by the current vehicle software. 
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Just as for the two-wheeled air-film movers there should be an option to connect two 
three-wheeled vehicles together, which means that the software should be able to handle 
not only three wheels, but also six wheels. The vehicle software in the air-film movers 
should also be implementable in other vehicle types. It is for instance predicted that there 
will be a demand for multi-wheeled vehicles, not using air bearings in the near future. 
The amount and position of wheels in a multi-wheeled vehicle is not specified in any way. 
Multi-wheeled vehicles with more than four wheels are clearly also not supported by the 
current vehicle software.   

1.3 Objectives 

The work of this thesis is part of a larger development project at Solving. The goal of the 
project is to create better consistency in the production and allow for use of cheaper com-
ponents in the products. One of the main goals for achieving better consistency is to base 
the choice of vehicle controller on only one controller brand, namely Siemens PLCs. 
Solving is today using two vehicle controllers, the Kollmorgen CVC600 and Siemens 
ET200SP. The support for Siemens components is better and the Siemens components 
are cheaper in comparison to the Kollmorgen components. 

The main objective of this thesis is to develop the vehicle software used in Siemens con-
trolled vehicles, so that Solving will be able to handle more customer inquiries with the 
Siemens based control. The vehicle software should after this thesis no longer be an ob-
stacle for creating the aforementioned vehicle types that Solving is not able to produce 
today. 

1.4 Outline 

The purpose of this document is to present research, a proposal solution, practical work 
and outcome of the thesis. The practical work and this document follows the very com-
mon top-down design principle, meaning that the abstraction level is quite high in the 
beginning of the document and very low at the end of the document. The reader of this 
thesis will form an understanding of industrial vehicles and the system used in this thesis, 
before moving on to a more detailed level of the outcome of this thesis. Different types 
of vehicles, Solving’s products and requirements on the proposed solution will be pre-
sented in chapter 2. The system in question as well as mathematical analysis and deriva-
tion of algorithms and equations needed for the proposed solution are presented in chapter 
3. A block structure that will be used for the implementation of the proposed solution will 
be presented in chapter 4 after which test results are presented in chapter 5. Analysis of 
the results, outcome, future work and conclusions are presented in the final chapter.  
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2. LITERATURE AND INDUSTRIAL PRACTICES 
REVIEW 

The vehicles concerning this thesis operate in a different environment and behave differ-
ently compared to common vehicles that can be seen in traffic and at construction sites. 
They operate in industrial environments and must be able to move in very challenging 
places. These vehicles are known as industrial vehicles and include vehicle types such as 
Automated Guided Vehicles (AGVs) and Self-Propelled Modular Transporters (SPMTs). 
They are powered with a motor or several motors like combustion engines, hydraulic 
motors, pneumatic motors, electric motors and combinations of these. There is usually 
one or several powerful drive motors that cause the vehicle to move, while some less 
powerful motors are responsible of steering the vehicle. In this chapter the operating prin-
ciple of different types of vehicles and the behavior of the wheels or chains on the vehicle 
is presented. The idea of the structure of this chapter is to start from vehicle types that 
should be somewhat familiar to most people and step by step zoom in on a more detailed 
level of the complex vehicle types. The outline of this chapter is presented in figure 1.  

 

Figure 1. Outline of chapter 2. 

The outline presented in figure 1 is followed by section 2.3, where the vehicle types pro-
duced by Solving and the affect this thesis will have on them, are presented. At the end 
of the chapter it should be clear how each steering mechanism differ from one another 
and what requirements the vehicle types made by Solving set on the work of this thesis. 

Steering 
mechanisms

2.1 Vehicles Used 
in Traffic and 

Heavy Machinery
2.2 Industrial 

Vehicles

2.2.1 Wheel-based 
Vehicles

2.2.2 Special 
Industrial Vehicles
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2.1 Steering Mechanisms in Vehicles Used in Traffic and Heavy 
Machinery 

The structure of the steering mechanism in bicycles and motorcycles is really simple. 
There is a handlebar that is mounted on the front wheel creating a physical connection 
between the front wheel and the handlebar. Because the handlebar and the front wheel 
are physically linked, moving the handlebar will result in an equal movement of the front 
wheel. The rear wheel on the other hand is fixed in the vertical direction of the frame, but 
rotates by the power of a human or an engine. The front wheel steers the bicycle or mo-
torcycle, i.e., determines the direction of the vehicle, while the rear wheel causes the ve-
hicle to move.  

The so called kinematic bicycle model presented in figure 2 is commonly used as a start-
ing point for kinematic calculations (Kong et al. 2015; Snider 2009; Giancarlo et al. 2009; 
Jazar 2008; Lakkad 2004). When a bicycle is turning, the front wheel, center of mass (G) 
and the rear wheel will all respectively create circles with different radii around the In-
stantaneous Center of Rotation (ICR). When the normal lines to all the wheel planes in-
tersect at the ICR, the vehicle is moving in a slippage free manner. This condition will be 
handled for different types of vehicles several times in this thesis. Although the vehicle 
types will be more complex, the geometrical principle is the same for the more complex 
vehicle types as for the kinematic bicycle model. 

 

Figure 2. The kinematic bicycle model (modified from Giancarlo et al. 2009). 

Bicycles and motorcycles require the driver to have a sense of balance in order to keep 
the vehicle upright. If the driver leans too far to one side, the vehicle will tip over. A 
vehicle with four wheels instead of two is physically stable and will stay upright even 
when it is not moving. The least complex stable vehicle from a theoretical point of view, 
is the four-wheel parallel steered vehicle, which in practice could be achieved by welding 
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two bicycles or motorcycles and their handlebars together side-by-side such that using 
one of the handlebars would cause both the front wheels to turn the same amount. In other 
words such a four-wheel type vehicle could be modelled by adding another bicycle next 
to the existing bicycle in figure 2. Both front wheels would then always have the same 
turning angle, i.e., the angle θ in figure 2. While such a setup is theoretically very simple 
it is in direct conflict with the slippage free driving condition. If the turning angle of both 
front wheels is the same, all the normal lines to the wheel planes, i.e., wheel axes no more 
intersect at the same point. In practice it means that the parallel steering will cause a 
scenario, where the wheels will try to outrun each other. Because the wheels are attached 
to the vehicle body, they will however not be able to outrun each other and instead they 
will slip or jump, which will cause damage to either the wheels or the surface the vehicle 
is moving on. 

In some applications damaging the wheels or the surface the vehicle is moving on are 
factors that does not need to be accounted for. Heavy equipment such as excavators, skid-
steered loaders, forest machines etc. operate in conditions, where operational reliability 
is important and the surface they are moving on is usually not damageable. Soft soil for 
instance, require large wheels or chains in order to create a large contact area such that 
the vehicle will not get stuck. Usually there is one chain or a set of wheels on the left side 
and another chain or set of wheels on the right side of the vehicle. One motor or a set of 
motors are connected to the chain on the left side and another set of motors are connected 
to the chain on the right side. The chains and thus the vehicle is operated with two joy-
sticks. One joystick controls the speed of the chain on the left side and the other joystick 
controls the speed of the chain on the right side. If both joysticks are given the same 
amount of throttle, the vehicle will move straight. If on the other hand, the joysticks are 
given different amounts of throttle the vehicle will turn to the side that is given less throt-
tle. This type of steering is called skid-steering and can for instance be found in skid-
steered loaders made by Caterpillar1. As the name implies the slippage, also known as 
skidding, is a part of the steering concept. Although slippage is occurring, the strong 
chains on the vehicle are not significantly damaged by the soft soil they are usually mov-
ing on.  

On public roads and traffic in general, damage on the roads and wheels should be avoided. 
This makes the parallel steering and skid-steering concepts impractical. George Langen-
sperger introduced the geometric condition for slippage free driving for four-wheeled ve-
hicles in 1816. This condition has later been named after his patent agent Rudolf Acker-
man (Jazar 2008). The Ackerman condition supports the earlier stated fact that slippage 
free driving is accomplished when the normal lines to all wheel planes intersect at a com-
mon point. The most common steering mechanism following the Ackerman condition is 
the trapezoidal steering mechanism. For the trapezoidal steering mechanism to work, the 
arms A and B need to point towards point C as shown in figure 3. Only then the axes of 

                                                 
1 http://www.cat.com [Accessed: 26.09.2017] 
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the front wheels will intersect at a common point. A detailed analysis of the trapezoidal 
steering mechanism is presented in (Jazar 2008). 

 

Figure 3.  The trapezoidal steering mechanism following the Ackerman steering 
condition for slippage free driving (Jazar 2008). 

The Ackerman steering geometry and particularly the trapezoidal steering mechanism is 
the steering mechanism that is used in cars. Although the response of the steering wheel 
can feel different in old cars compared to modern cars, they all follow the same geomet-
rical principle. In old cars, turning the steering wheel requires a lot of effort, because it is 
physically connected to the displaceable link between arms A and B. In some old cars the 
steering is assisted with a hydraulic cylinder, which makes it easier to turn the steering 
wheel. The hydraulic cylinder was however seen inefficient, due to drag and parasitic 
power losses caused by the hydraulic pump. Electric motors are therefore nowadays more 
commonly used in the Power Assisted Steering (PAS) systems. There are several benefits 
of using an Electric Power Assisted Steering (EPAS) system compared to a hydraulic one. 
The electric system is for instance more energy efficient, cleaner, more accurate and is 
more addressable for programming. The PAS is an important part of the behavior of the 
steering, although it does not affect the geometrical relationships of the wheels in a vehi-
cle. (Knowles 2011) 

In addition to the presented steering mechanisms so far there are two more that affect the 
orientation of only two wheels, i.e., the articulated axle and the articulated frame steering. 
The axle articulated steering concept is a simple steering concept, where the axle con-
necting the front wheels can be rotated while the wheels themselves remain straight (Lak-
kad 2004). The axle articulated steering concept is commonly used in for instance soap-
box cars (gravity racers), because of the simple construction. All that is needed is a joint 
in the axle between the two front wheels. Please note that axle articulated steering does 
not interfere with the slippage free driving condition as the normal line to both the front 
wheels are aligned and always have a common intersection point with the normal line to 
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the rear wheels. Although the articulated axle steering can result in very tight turns, it is 
not really applicable in vehicles such as cars for instance, as a rotating axle would require 
a lot of space and the construction of car chassis would need to be entirely redesigned. 

In articulated frame steering, the part of the vehicle that is physically articulated is the 
vehicle frame. By turning both the wheels and the frame, the vehicle can undertake ex-
tremely steep curves, which make the articulated frame steering suitable for applications 
where the vehicle is required to make tight turns. Valtra is a Finnish company that pro-
duces frame articulated tractors2. A frame articulated Valtra tractor has five different 
steering modes. Mode A follows the traditional Ackerman condition with the chassis 
locked in idle position and only the front wheels cause the turning. In mode B both Acker-
man type steering and the articulated frame is used. The wheels and the chassis turn sim-
ultaneously so that the condition for slippage free driving is maintained. Mode C is called 
parallel track, intended especially for agricultural applications and is excellent for reduc-
ing soil compaction. In mode D, slippage free steering is accomplished using only the 
articulated frame. In mode E the turning angle of the front wheels and the angle of the 
frame can be controlled separately, unlike mode B, where the frame and wheels are turned 
simultaneously. The steering modes A-E are presented in figure 4. 

 

Figure 4.  A: Front wheel steering only, B: Combined front wheel steering and 
frame articulation, C: Parallel track, D: Frame articulation only, E: Separate 

front wheel steering and frame articulation. 

While the articulated axle or frame steering would clearly reduce the turn radius and im-
prove the maneuverability of other vehicle types than tractors, the articulation require a 
certain amount of space, which would mean that other features such as the comfort level 
of the vehicle or the size of the vehicle would suffer. A better way to achieve a smaller 
turning radius is to turn both the front wheels and rear wheels at the same time instead of 
physically articulating a part of the vehicle body. On a four-wheel vehicle such as a car, 
this type of system is called a Four-Wheel Steering (4WS) system. Audi (Audi 2017), 
Nissan (Nissan 2016) and BMW (BMW 2016) among others all have their own version 
of the 4WS system. Although 4WS differs in some ways depending on the manufacturer, 

                                                 
2 http://www.valtra.com/articulated-tractors.aspx [Accessed: 30.11.2016] 
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the main principle is the same. 4WS is achieved by installing a trapezoidal steering mech-
anism on the front axle as well as on the rear axle. Typically, point C is not located in the 
middle of the vehicle, but a bit above or under the rear axis as illustrated in figure 5, which 
means that during a turn, the front wheels will turn more than the rear wheels. 

 

Figure 5.  Four-Wheel Steering (4WS) achieved by trapezoidal steering mechanisms 
on the front and rear axles (modified from Jazar 2008). 

The amount of wheels and axles on a bus or truck vary significantly depending on the 
model and application. The vehicle can be built just as a car, i.e., four wheels and two 
axles, where only the front wheels turn or all wheels turn as in the 4WS systems. There 
can also be additional axles intended for support of heavy loads. The wheels on the extra 
axles are sometimes fixed such that they cannot be turned and sometimes the axle is 
equipped with a trapezoidal steering mechanism similarly as in 4WS systems, maintain-
ing the Ackerman condition for slippage free driving. Adding a fixed third axle to the 
4WS system is no problem as long as the axle is located exactly at the intersection point 
C, as for instance in some Mercedes3 trucks. In vehicles where there is at least two fixed 
axles on the other hand, the tires on at least one of the axles will be subject to an enormous 
amount of wear, due to a direct conflict with the slippage free driving condition. One way 
to reduce wear of the tires on a bus or a truck like this is to lift the extra axles, whenever 
possible. This technology is used among others by Volvo4. The size of buses and trucks 
as well as the load they are handling may in addition to the extra axles, require an extra 
powerful PAS, consisting of both a hydraulic and an electric motor. Such PAS systems 
are also used on Volvo trucks. 

One of the first things mentioned in this section is that the wheels on a vehicle will all 
create circles around a common point called the ICR and that these circles will all have 
different radii. While it is very essential that the normal lines to all wheel planes intersect 
                                                 
3 https://www.mercedes-benz.co.id/content/indonesia/mpc/mpc_indonesia_web-
site/enng/home_mpc/truck_home.html [Accessed: 27.09.2017] 
4 http://www.volvotrucks.com/en-iq/home.html [Accessed 27.09.2017] 
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at the ICR, it makes no difference if the relation between the speeds of the wheels is 
incorrect. If the direction of the wheels satisfy the Ackerman condition of slippage free 
driving, but the speeds don’t add up, the wheels will still slip or jump. Consider for in-
stance a general case of a four-wheel vehicle driving according to the Ackerman condi-
tion. If all the wheels were to have the same speed some of them would try to outrun some 
of the other wheels. The differential is a mechanical component that allow the driving 
wheels to run at different speeds, what for slippage can be avoided. Just to be clear, the 
differential does not apply more power to one wheel and less to another, it only divides 
the power to the wheels such that it allows the wheels to run at different speeds.  

The main components of the differential are the transmission shaft, driving pinion, crown 
wheel, sun gears, the planet pinion and the half-shafts going to the left and right wheel. 
The power of the engine is transferred through the transmission shaft to the crown wheel 
via the driving pinion. The crown wheel that is not attached to the half-shaft going to the 
wheels and is able to rotate without being affected of the half-shafts, rotates the planet 
pinion. When the vehicle is moving straight, the rotational movement of the crown wheel 
and the planet pinion, moves the sun gears of both wheels at the same speed as the crown 
wheel. When the vehicle is turning, the planet pinion allows the sun gears to rotate at 
different speeds. This way the wheels are allowed to rotate at different speeds although 
the wheels have the same source of power. The differential and all the mentioned parts 
are presented in figure 6. 

 

Figure 6.  The internal construction of the differential (modified from Gitchens 
1946). 

The construction and operating principle of the differential is simple, but might be a bit 
difficult to understand. The point here is not to explain all the details of the differential, 
but to show that in difference to the mechanisms that will be presented in the following 
sections it is fully based on mechanical components only. 
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2.2 Steering Mechanisms in Industrial Vehicles 

The vehicles presented in the previous section should have been somewhat familiar from 
other context to the majority of people. The vehicles can for instance be seen on the public 
roads or at construction sites. All types of vehicles and every detail of them can obviously 
not be handled in this thesis, due to the large amount of different vehicle types and details 
regarding the vehicles. Rear wheel steered fork lifts, where for instance not and will not 
be brought up as the steering concept in those follow the same principles as the steering 
concept in front-wheel steered vehicles.  

The requirements on a vehicle operating in industrial environments are completely dif-
ferent compared to requirements on more traditional vehicles. The velocity of the indus-
trial vehicles are normally much smaller and the behavior of the movements of the indus-
trial vehicles is much more flexible than vehicles used in normal traffic. The industrial 
vehicles often require some amount of programming in difference to non-industrial vehi-
cles. Industrial vehicles are usually not sold for private use, they are sold Business-to-
Business (B2B) or rented for non-recurring tricky operations. The details of the steering 
mechanisms are therefore for the most part business secrets, which is why the information 
for this section had to be combined from several different sources. 

2.2.1 Steering Mechanisms in Wheel-based Industrial Vehicles 

When large, heavy or otherwise difficult loads need to be moved, Self-propelled trailers 
or Self-Propelled Modular Transporters (SPMTs) are preferably used. These types of 
transporters can be connected to a truck or used just as is. A modular transporter can not 
only be used in single mode, individually, but can also be operated in tandem, i.e., several 
transporters can be connected together to move in unison. In this section information 
about self-propelled vehicles and Automated Guided Vehicles (AGVs) has been gathered 
from the field’s leading manufacturers such as Scheuerle5, Goldhofer6, Cometto7, Koll-
morgen8, Rocla9 and (Solving 2017). Further referencing of these companies is done only 
by mention. An example of several interconnected SPMTs made by Scheuerle is pre-
sented in figure 7. It can be difficult to see from the figure, but self-propelled trailers and 
SPMTs move in the same slippage free manner as presented earlier, which means, as also 
stated earlier that the normal lines to all the wheel planes intersect at a common point, the 
ICR. 

                                                 
5 https://www.scheuerle.com/ [Accessed 18.12.2016] 
6 http://www.goldhofer.de/ [Accessed 18.12.2016] 
7 http://www.cometto.com/en/ [Accessed 18.12.2016] 
8 http://www.kollmorgen.com/en-us/home/ [Accessed 18.12.2016] 
9 http://www.rocla-agv.com/ [Accessed 18.12.2016] 
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Figure 7.  Several Self-Propelled Modular Transporters (SPMTs) linked together 
and working in unison to move a large crane. 

Each wheel in an SPMT is equipped with a drive motor, hence the name “self-propelled” 
and usually also a steer motor. The drive and steer motors are powered by one or several 
Power Pack Units (PPUs), which can be found at one end of the SPMT, at the left side of 
figure 7 for instance. The individually controlled drive motors on each wheel make the 
SPMTs very flexible. One way to ensure the correct turning angles and speeds of each 
wheel is to control the speed of each drive motor programmatically, for controlling the 
wheel speeds, and use a mechanical linkage similar to the trapezoidal steering mechanism 
presented earlier, for controlling the turning angles of the wheels. The mechanical linkage 
can be configured such that it turns all wheels or just the wheels in front of the rear axle 
or just the wheels under the front axle. Nevertheless so that once the mechanical linkages 
has been installed, the configuration cannot be changed. Such solutions that are based 
only on mechanical parts seem to be quite uncommon nowadays, because the mechanical 
construction cannot be changed and limits the movements of the vehicle. Controlling the 
speed and turning angle of each wheel separately is a much more common and flexible 
solution. 
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Controlling the speed and turning angle of a wheel require wheels that are equipped with 
drive and steer motors. The entirety consisting of a wheel and a drive motor is called a 
drive unit, while the entirety consisting of a wheel and a steer motor is called a steer unit. 
If there is both a steer and drive motor connected to the wheel, the unit is called a 
steer/drive unit. In practice, it is assumed that a wheel is equipped with both a steer and 
drive motor and the unit is usually called for simplicity just drive unit, although the unit 
is clearly a steer/drive unit. The terminology might be a bit confusing, but from this point 
forward a drive unit is assumed to consist of a wheel, a steer motor and a drive motor, 
unless stated otherwise. 

Because drive units are able to both drive and steer, there is no need to have physical 
connections between the wheels. The control of the speed of the steer motor and drive 
motor must on the other hand be carefully programmed in order to continuously maintain 
the Ackerman condition of slippage free driving. Because there is no mechanical lock on 
the wheels, it is possible to change even the way of steering the vehicle. The vehicle can 
be driving in a configuration where all wheel axes intersect at a point in-line to the vehicle 
center and suddenly the steering can be changed such that the wheel axes are parallel 
instead of intersecting at a common point and so on. These different ways of steering an 
SPMT are called steering programs or sometimes drive modes, of which the steering pro-
gram, where all normal lines to the wheel planes intersect at a point in-line with the vehi-
cle center is called the “counter-phase” steering program and turning the wheels such that 
the normal lines to the wheel planes remain parallel is called the “crabwise” steering pro-
gram. 

While using a drive motor and a steer motor for each wheel is clearly the best solution for 
achieving a vehicle with several different steering programs, an attempt of using only 
mechanical parts has been done in (Bhishikar et al. 2014). A mechanical construction like 
that one is clumsy to use and unnecessarily complex, which is probably why such con-
structions cannot be found in any real application and why it will not be pursued here. 
The mechanical design of the vehicle is although complex, quite interesting and in the 
scope of this thesis worth mentioning, because readers of this thesis might be wondering, 
whether such vehicles exist or not. 

It should be quite clear why one would like to be able to use different steering programs 
in order to change the behavior of the vehicle movements. It is for instance not possible 
to drive straight in the direction of 90° using any of the traditional front wheel and rear 
wheel steering programs, but fully possible using the “crabwise” steering program. The 
use for different steering programs should be intuitive, but if necessary the interested 
reader can see (Singh et al. 2014) for a more detailed analysis of the benefits of using 
several steering programs.  

The most basic steering programs that resemble the steering concept in front wheel 
steered and 4WS cars are the “front wheel steering”, “rear wheel steering” and “counter-
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phase steering” programs. In difference to a car, the amount of wheels on an industrial 
vehicle is not limited in any way. The vehicle in figure 8 has for instance eight wheels, 
but any other amount of wheels is also possible for SPMTs. 

 

Figure 8. A: Front wheel steering, B: Rear wheel steering, C: Counter-phase steer-
ing. 

Another steering program that was in some extent presented earlier is the “differential 
drive mode”. The differential drive mode is quite similar to the steering mechanism in 
skid-steered loaders presented earlier. Usually one joystick controls the speed of the right 
side of the vehicle and another controls the speed of the left. Although the vehicle in 
figure 9 only has two wheels to better show for the connection between the skid-steering 
and differential drive mode, there is no restriction to the amount of wheels as long as they 
are all aligned with the vehicle center. If a wheel would be added to the vehicle center of 
the vehicle in figure 9 and only the right side would be given a velocity for instance, the 
wheel on the right side would have the largest velocity, the wheel at the vehicle center 
would have a bit smaller velocity and the velocity of the wheel to the left would be zero. 

 

Figure 9.  Differential drive mode steering program. 

The steering programs in figure 8 and 9 should in some extent feel familiar, because they 
are quite similar to the steering concepts of non-industrial vehicles. In addition to these 
steering programs there are two steering programs that are not usually seen on other ve-
hicles than industrial vehicles. These steering programs are the “crabwise” and the “rota-
tion mode” steering programs. The crabwise steering program and the rotation mode are 
very useful in industrial applications, where the space is many times quite small and the 
movements of the vehicle need to be as flexible as possible. The crabwise steering pro-
gram is for instance used in situations, where the position of the vehicle is wanted to be 
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changed, but the orientation is liked to be kept the same. When the position is on the other 
hand liked to be kept the same and only the orientation of the vehicle is wanted to be 
altered, the rotation mode is used. The crabwise and rotation mode steering programs are 
presented in figure 10, where it should also be quite clear what the difference between the 
two steering programs is. 

 

Figure 10.  A: Crabwise steering, B: Rotation mode. 

Some SPMT types also has an option to change the orientation of the vehicle from the 
lengthwise direction to the crosswise direction. The most basic steering programs would 
then change and look like presented in figure 11. The range of the turning angle of each 
drive unit must of course be large enough to be able to change the orientation of the 
vehicle from lengthwise direction to the crosswise direction. 

 

Figure 11.  A: Front wheel steering crosswise, B: Rear wheel steering crosswise, C: 
Counter-phase steering crosswise. 

 



15 

The names of the steering programs that are used in this thesis were selected because they 
were seen to best describe the nature of the different steering programs. The name of the 
different steering programs can however differ depending on the manufacturer. The rota-
tion mode is for instance called “carousel mode” and crabwise steering is sometimes 
called “in-phase steering”. To avoid confusion, only the names mentioned in the figures 
8-11 will be used from this point forward. Another term related to the behavior of the 
vehicle movements in addition to the presented steering programs is “omnidirectional 
steering”. The term “omnidirectional” refers to the ability of existing in all directions. An 
omnidirectional vehicle is thus a vehicle that is able to move in all directions. Omnidirec-
tional steering is not a steering program, but an attribute that the vehicle has. 

Having the option of several steering programs is especially important if the load is large 
and there is a restricted amount of space to move in. Although the steering programs 
increase the possibility of handling even larger and heavier loads, just one SPMT is some-
times not enough for handling some loads. It was mentioned earlier that it is possible to 
link several SPMTs together to form one large SPMT. This may come in handy if the 
load is large in size and just one SPMT is not enough for handling the load. The connec-
tions between the tandem operated SPMTs require sometimes a physical connection and 
sometimes there is only a data link between the transporters. The leading manufacturers, 
Goldhofer and Scheuerle to mention a few, seem to support all types of connections and 
SPMT combinations. Meaning that the computation of turning angles and speeds of the 
drive units have been done such that the transporters can be connected side-by-side, end-
to-end, in a circular form or any other form. 

When SPMTs are in tandem, a few things need to be taken into consideration in order for 
the SPMTs to behave as one single vehicle. One of the things already mentioned are for 
instance the physical connections and data connections between the SPMTs. The power 
consumption is another thing. Interconnected SPMTs usually require more than one PPU 
for handling the possibly large power consumption. The amount of required PPUs depend 
however a lot on the situation. If the load is large in size but the weight is low, just one 
PPU may be sufficient enough, but if the load is heavy, it is probably necessary to use 
several PPUs. The PPU on the most common SPMT types is based on diesel engines that 
power a hydraulic pump or an electric generator. In indoor environments, a diesel engine 
is however not the most convenient solution, because diesel engines pollute the air that is 
supposed to be clean. In indoor environments it is better to use SPMTs that are fully 
pneumatic or electric instead of the diesel engine based SPMTs. Wheelift10, Cometto and 
Solving are companies that manufacture electric SPMTs, sometimes called Electric Mod-
ular Transporters (EMTs). SPMTs and EMTs have despite different source of power sev-
eral things in common, most importantly the computer based drive unit control and the 
remote controller used for controlling the vehicle. 

                                                 
10 http://www.wheelift.com/ [Accessed 18.12.2016] 
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The computer based drive unit control including the vehicle computer, other hardware 
components and the software is probably one of the most valuable parts of an SPMT. If 
the drive unit control concept of one SPMT manufacturer would be public, it would not 
be that difficult to copy the concept and start producing similar SPMTs. The computer 
based control is a part of the SPMT that require a remarkable amount of engineering, 
testing and experience, which is why that particular part of the SPMTs is usually kept 
secret. Although information about the computer based control is difficult to find due to 
the secrecy, it seems that all manufacturers have different approaches to the drive unit 
control. Different types of computers or Programmable Logic Controllers (PLCs) are used 
to implement the control algorithms for the turning angles and speeds of the drive units. 
According to (Siemens 2014), Siemens PLCs have been used in KAMAG11 SPMT vehi-
cles. In another article (Novacek 2016) about SPMTs, Wheelift and NASA has together 
developed a computer based control system using Beckhoff12 components and especially 
the new object-oriented programming features in TwinCAT. Scheuerle on the other hand 
uses its own software called STEPS.3. Information about what type of controllers Scheu-
erle use could not be found, but a custom made programming software could also mean 
that Scheuerle use custom made controllers.  

In addition to computer based control and PLCs, there are also special types of vehicle 
controllers intended for these types of applications and these types of applications only. 
The Kollmorgen CVC600 (Compact Vehicle Controller 600) is a special vehicle control-
ler made for control of different industrial vehicles. Although the CVC600 can be used 
for control of SPMTs, it is more commonly used to control AGVs. The drive unit control, 
navigation, communication, logic operations among many other things can be executed 
on a CVC600. While the construction and layout of wheels on a SPMT or EMT is quite 
straight forward, AGVs that are built with vehicle controllers such as the CVC600 are a 
bit more complicated. As mentioned earlier a wheel can be equipped with just a steering 
motor or just a driving motor or both. In AGVs it is also common to use wheels that are 
equipped with no motor and can roll and rotate freely around their axes. Such wheels are 
called swivel wheels or sometimes caster wheels. Fixed wheels are also able to roll freely, 
but the turning angle is fixed. Other units called diff-wheels consist of two drive-wheels 
that make the unit rotate by the difference of the velocity of the wheels. The different 
wheel types used in AGVs are presented in figure 12. 

                                                 
11 https://www.kamag.com/ [Accessed 18.12.2016] 
12 https://www.beckhoff.fi/ [Accessed 02.10.2017] 
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Figure 12.  A: Steer & drive wheel, B: Fixed drive wheel, C: Swivel wheel, D: Steer 
wheel, E: Fixed wheel, F: Diff-wheel (Solving 2017). 

The SPMTs use steer & drive wheels positioned on the left and right side of the vehicle 
frame. The distance between each pair of wheels in the vertical direction is constant and 
the width of each pair is the same for all pairs. The configuration used in the SPMTs is of 
course also possible to use in AGVs, but the application often require some other type of 
configuration. The most common AGVs have a steer & drive wheel in the front and two 
fixed wheels at the rear such that a fork can be positioned between the fixed rear wheels. 
Kollmorgen calls this type of vehicle an S/D (Steer/Drive) vehicle. An example of addi-
tional vehicle types named by Kollmorgen is presented in figure 13.  

 

Figure 13. A: S/D AGV, B: S/D (Diff) AGV, C: Quad AGV, D: Multi-wheeler S/D 
AGV (Solving 2017). 

Although the vehicle frame can look the same in different vehicle types, there is a signif-
icant difference in the behavior of the different vehicle types. Consider for instance the 
vehicle types S/D and Quad, an S/D type vehicle is not able to drive in the crabwise 
steering program at all, while that is a quite common steering program for the Quad ve-
hicle. 

In addition to the computer based control, AGVs and SPMTs have another thing in com-
mon, i.e., the remote controller, which is used for manual operation of the vehicle. Usually 
it contains two or more joysticks, some buttons, switches and a display. The remote con-
troller can be connected with a wire or wirelessly to the vehicle. The steering programs 
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can be turned on or off either by the buttons on the remote controller or they can be pro-
grammed as specific joystick positions. Other logic operations such as lifting or lowering 
the load, can also be programmed to be controlled by the remote controller.  Note that 
AGVs do not require remote controllers in normal operation. The remote controllers are 
only used for occasions when an AGV need to be operated manually. In automatic mode 
an AGV operates without human interference. The AGV navigates according to a layout 
with the help of magnetic spots, induction wires, laser scanners or some other technology. 
Although the AGV gets its reference values from the navigation, the drive unit control is 
not directly affected by this. The AGV is told where it is supposed to go in the same way 
in automatic mode as it is in manual mode. The only difference is that in automatic mode 
the input comes from the navigation and in manual mode the information comes from the 
remote controller. 

2.2.2 Steering Mechanisms in Special Industrial Vehicles 

The vehicles presented so far have been equipped with wheels or chains. There are how-
ever also other types of industrial vehicles, which operating principle is based on other 
components than wheels and chains. One special component that is used for moving ex-
tremely heavy loads is the air bearing, which is a rubber cushion that can be filled with 
air. When the air bearing is combined with a metal back plate as presented in figure 14, 
the combination is commonly called an air caster. A module is usually added on to the air 
caster, behind the metal back plate to provide for the input holes of compressed-air. The 
combination of air caster and module for input air is called air bearing module or some-
times air skates or air skids.  

 

Figure 14.  Air caster made by AeroGo13 consisting of a rubber air bearing mounted 
on a metal back plate. 

Air bearings are sometimes placed directly under a load or more commonly under a rest-
bar on top of which the load sits. When the air supply is cut off, the restbar sits on the 
floor and it is impossible to move the load. When the air supply is turned on, the air 
bearing is inflated and the rest bars as well as the load are lifted off the floor. The air 
flowing between the air bearing and the floor creates a frictionless thin film of air. 
Practically this means that everything is floating freely in the air and it is very easy to 
move the load. The operating principle of an air bearing is further illustrated graphically 

                                                 
13 http://www.aerogo.com/ [Accessed 19.12.2016] 
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in figure 15, where the restbars are drawn as a yellow structure between the air bearing 
and the load. 

 

Figure 15.  Operating principle of an air bearing14. On the left side is the situation, 
when air pressure is cut off and on the right side is the situation, when air supply 

is turned on and the rest bars are lifted off the ground. 

The air bearing modules can be connected to a control unit consisting of a few valves and 
used as such. For more repetitive tasks, air bearings can be used to build air bearing ve-
hicles. The main components of such a vehicle are the air bearings and drive units as can 
be seen in figure 16. The vehicle can be fully pneumatic, i.e., even the drive units are built 
with pneumatic motors or more commonly the drive units are controlled with electric 
motors, while compressed-air is used only for the air bearings.  

 

Figure 16. Main components of an air bearing based vehicle (Solving 2017). 

While an air bearing based vehicle is not lifting anything, the air bearings are empty and 
the weight of the mover is distributed on the drive units and usually also some swivel 
wheels. Once the mover is moved under the rest bars and the switch for the air pressure 
is turned on, the air bearings are inflated. The air bearings will then provide the required 
lifting force and create a friction-free film of air between the air bearings and the floor. 
While the air bearings are inflated, the swivel wheels will not touch the floor. The drive 
units on the other hand are pneumatically suspended, so that although the air bearings are 
inflated, the drive units will keep touching the floor. The drive units will this way provide 

                                                 
14 http://www.movetechuk.com/index.html [Accessed 19.12.2016] 
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for the operability of the vehicle and keeps the vehicle in a fixed position such that it does 
not start floating freely on the floor. (Solving 2017) 

Although the air bearing based vehicles look and operate in a different way than the wheel 
based vehicles such as the SPMTs, the steering concept and control of the drive units is 
the same in both vehicle types. The electric drive units are programmed using computer 
based control and the manual operation is conducted with a remote controller. Just as with 
SPMTs it is possible to operate several air bearing based vehicles in tandem. In tandem 
operation there is however for air bearing based vehicles usually no need for more than 
only two vehicles, operated either side-by-side or end-to-end. The main benefit of air 
bearing vehicles is that because of the air bearings, it is not necessary to use as many 
wheels as in traditional SPMTs. 

Omnidirectional steering is an interesting feature that enable the vehicle to fit into tight 
places that would probably not be possible to drive into with conventional steering pro-
grams and vehicle components. Omnidirectional steering can be achieved with normal 
wheels if the range of the turning angle of all wheels is large enough. Another way of 
achieving omnidirectional driving is to use special wheels designed for omnidirectional 
driving. These types of special wheels are round as ordinary wheels, but have rolls 
mounted on the outside perimeter of the wheel. Three of such wheel types that enable 
omnidirectional driving are presented in figure 17. 

 

Figure 17.  A: The mecanum wheel, B: Omni-wheel, C: WESN (West-East-South-
North) wheel (modified from Tadakuma et al. 2007). 

The behavior of the mecanum wheel, omni-wheel and the WESN wheel differ in some 
minor ways, but the idea is the same. There is no need to turn the wheels, only roll them. 

There are also other types of wheels enabling omnidirectional driving than the ones in 
figure 17. Another wheel type is for instance the omni-ball developed in (Tadakuma et 
al. 2007). Although there are many different types of wheels that could be used for om-
nidirectional driving, it seems that only the mecanum wheel have been used in applica-
tions worth mentioning. Therefore the steering concept of only the mechanum wheel is 
pursued here. The interesting thing about the mecanum wheel vehicles is that there is no 
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reason to turn the wheels, because of the special wheels as can be seen in figure 18. The 
control algorithms for mecanum wheel vehicles are therefore very simple. All omnidirec-
tional movement can be accomplished by controlling only the rolling speeds of each 
wheel. 

 

Figure 18. Operating principle of a mecanum wheel mover15. 

One of the manufacturers that is currently using the mecanum wheel is KUKA16. The 
KUKA Omnimove UTV (Utility Task Vehicle) is visually quite similar as a conventional 
SPMT or air bearing vehicle, the characteristics of the movement of the different types of 
vehicles are however completely different. The difference of the vehicle movements of a 
KUKA Omnimove UTV and a traditional SPMT is difficult to describe in text, it should 
be experienced live. 

2.3 Solving Vehicles and Requirements on the Proposed Solu-
tion 

The choice of using wheels, chains, mecanum wheels or air bearings and steering concept 
overall, depend on the nature of the application. The drive unit based steering is clearly 
the most flexible steering concept and is applicable for all types of vehicles. In some cases 
the drive unit based steering concept is however unnecessarily complex. In environments 
such as construction sites, wheels would most likely get buried in the soft soil, while 
chains is much better as they divide the weight on a larger surface area and does not get 
buried in the soil. The choice of steering mechanism can also depend on the vehicle re-
quirements. Same type of features can be achieved with for instance air bearing based 
vehicles, modular transporters and mecanum wheel vehicles. The environment or load 
requirements can however restrict the choice of which steering mechanism fits the appli-
cation best. If the environment is dirty or the floor is uneven, air bearing based vehicles 

                                                 
15 https://www.roboteq.com/index.php [Accessed 19.12.2016] 
16 https://www.kuka.com/ [Accessed 19.12.2016] 
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cannot be used. In such a case it would be better to use a mecanum wheel based vehicle 
or an SPMT instead. 

The steering concept that will be developed in this thesis will be developed for Solving’s 
products. Solving produces vehicles that are tailored for heavy load transportation tasks. 
The main vehicle types Solving offer are custom made AGVs, air bearing based vehicles 
and electric modular transporters. Solving is specialized in particularly complex and chal-
lenging applications. Although each set of Solving products are unique, due to the high 
level of customization, they can be categorized according to figure 19. 

 

Figure 19. Solving product portfolio (modified from Sironen 2015). 

The three main product types are: air film movers, wheeled movers and products for spe-
cial applications. Air film movers are air bearing based vehicles such as the ones that 
were presented earlier in this chapter. Although the air film movers have been separated 
from the wheeled movers, they too contain two or four drive units similar to the drive 
units in the wheeled movers. The drive units in the wheeled movers are not usually sus-
pendable, but they are also pneumatic or electric as the drive units in the air film movers. 
Air film movers and wheeled movers can be driven individually or in tandem, if such a 
function is needed. Products made for special applications are not usually wheeled. These 
types of products move instead on rails for instance. Using air bearings as such for moving 
heavy loads also go under the “Special Applications”-category. 

The three main product types are further subcategorized according to how they are con-
trolled. The vehicle is controlled either manually or it can navigate autonomously, where-
upon the vehicle is called an Automated Guided Vehicle (AGV). The AGVs are further 
subcategorized according to which navigation technology they use. Only the two most 
common ones have been drawn to figure 19 not to complicate the figure too much, there 
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are however a lot of other navigation technologies available as well. The most common 
and precise navigation technology is laser guidance, which is based on a laser scanner 
located somewhere on top of the AGV. The laser scanner send invisible laser beams 
around the AGV. The beams are reflected on reflectors that are placed on specific spots 
across the room the AGV is moving in. The laser scanner measures the distance between 
the scanner and these reflectors based on the reading from the reflected, incoming beams. 
The vehicle is able to determine its position by triangulating the measured distances be-
tween the reflectors and the laser scanner. (Solving 2017) 

The second most common guidance technology is inductive guidance or wire guidance, 
which is based on an inductive sensor in the AGV and a copper wire buried in the floor. 
The copper wire is connected to a frequency generator that produces an inductive signal 
in the copper wire, which the sensor on the AGV is able to detect. Another quite common 
guidance technology is magnetic spot guidance, which is based on a magnetic sensor in 
the AGV and magnetic spots or tape located in or on the floor. The operating principle of 
the magnetic spot guidance is quite similar as the inductive guidance, i.e., a sensor in the 
AGV follows a line or spots located on or in the floor. Other more uncommon guidance 
technologies also following a line on the floor include for instance tape guidance, which 
is sometimes called optical guidance. In tape guidance, the AGV is equipped with an 
optical sensor that senses a line or spots painted on the floor. The optical guidance was 
chosen to be called tape guidance in order not to confuse it with the relatively new guid-
ance technology called natural navigation, which is also based on an optical input. In 
natural navigation a laser scanner on the AGV scans the space, where it is moving and is 
able to navigate with the help of reference points in the physical space. Although natural 
navigation is a relatively new technology, it has potential to be one of the more common 
indoor navigation techniques sometime in the future. In some cases the mentioned navi-
gation technologies have been combined, i.e., some navigation technology is used in one 
space while another technology is used in another space. (Solving 2017) 

Although the air film movers have also been categorized under AGVs, they are more 
commonly operated manually as opposite to the Solving wheeled movers. Please note 
that the manually operated Solving wheeled movers are SPMTs or electric modular trans-
porters. The manually operated vehicles including air film movers, wheeled movers and 
movers for special applications can further be subcategorized in vehicles that are con-
trolled with a remote controller and vehicles that are controlled with a controller inte-
grated on the vehicle. The integrated controller is usually some sort of electromechanical 
controller located on the vehicle while the remote controller is connected either wirelessly 
or by wire to the vehicle. 

Solving is today using two main types of vehicle computers, i.e., the Kollmorgen CVC600 
(Compact Vehicle Controller) and the Siemens ET200SP. The CVC600 allows Solving 
to use ready-made software and hardware components from Kollmorgen to build complex 
systems with up to 16 drive units positioned freely within the construction of the frame. 
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The Siemens controllers are programmed by Solving themselves and used for simple ap-
plications with precisely two or four drive units. The drive units need to be moreover 
positioned in parallel or in-line in relation to one another. Solving would like to increase 
the use of Siemens controllers in their products, due to several reasons. One of the main 
reasons is that Kollmorgen components are in general much more expensive than Siemens 
components and that the availability of and support for Kollmorgen components is more 
insecure than for Siemens components. Another reason is that the customers sometimes 
prefer or even require Siemens PLCs, due to Siemens positive status in the field of auto-
mation. One thing also to mention is that Solving is currently using and would like to 
keep using Siemens controllers in all air film movers. 

Solving would like to increase the support for amount of drive units in Siemens controlled 
vehicles. The current challenge Solving is facing is that some air film movers should be 
built with three drive units in order to support for the weight and size of larger vehicles 
and loads that customers are currently asking for. The following challenge that Solving 
will be facing sometime in the near future is to use the same technology for making man-
ually controlled SPMTs. Sometime later on Solving would like to be able to implement 
the same technology also in AGVs. Solving is obviously not able to do these things with 
the current program structure. This thesis will present a new flexible program structure 
made in the Siemens STEP 7 (TIA Portal) programming tool that enable Solving to use 
an unrestricted amount of freely positioned wheels capable of driving in all steering pro-
grams. The features of the Kollmorgen and Siemens controlled vehicles are compared 
with the new proposed solution in table 1. 

Table 1. Comparison of the current Siemens and Kollmorgen program structures 
and the proposed solution presented in this thesis (n ∈ ℕ+). 

Attribute 
Siemens 
Thesis 

Siemens 
Current Kollmorgen 

Maximum amount of drive units n 2 or 4 16 
Freely positioned drive units X   X 
Changing steering program with a switch X   X  
Changing steering program with joystick directions X X  
Support for all steering programs X X X 
Changing steering program on the fly X X   
Support for manual control X X X 
Inductive guidance, tape guidance X X X 
Magnetic spot, laser guidance, natural navigation X   X 

 

The main benefit of the proposed solution compared to the old ones is as can be seen in 
table 1, the support for n-amount of drive units. While the Kollmorgen based control 
provide support for up to 16 drive units, which fit Solving’s current needs, the support for 
n-amount of drive units enable Solving to produce and sell vehicles with more than 16 
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drive units. Considering the manual control, the Kollmorgen based vehicles change steer-
ing program using Boolean values that are usually controlled with a physical switch, 
while the current Siemens based vehicles change steering programs according to Solv-
ing’s own steering configuration, which is based on the digital outputs of the joysticks on 
the remote controller. Although it has been discovered that it is possible to override the 
Kollmorgen program to change steering programs, it is not possible to change the steering 
program on the fly as it is with the current Siemens based program structure. The new 
program structure will be made such that it is possible to change the steering configura-
tion, i.e., the way, how the steering programs are changed.  

The current alternatives and the new one have three main attributes in common, they 
support all steering programs, including differential drive, crabwise, front wheel steering, 
rear wheel steering, counter-phase steering and rotation mode in both lengthwise and 
crosswise direction. They all also support manual control as well as the basic navigation 
technologies such as inductive guidance and tape guidance. Although the current Siemens 
program structure does not support other navigation techniques and it will not be possible 
to test them with the new program structure, it needs to be done such that it is possible to 
add support for additional navigation technologies in the future. 

In addition to the mentioned functional requirements for the new program structure there 
are a few non-functional requirements that need to be taken into consideration during the 
development of the new program structure. The program structure will be used in vehicles 
handling loads of hundreds of tons, which is why the program structure needs to be thor-
oughly tested and verified before it is cleared for use in products intended for customers. 
An error in the code can result in the vehicle turning, accelerating, braking or stopping in 
an unexpected way. If the vehicle happens to be loaded with a heavy load at the time of 
an error, there can be dangerous consequences. Unexpected errors such as overflow, un-
derflow or input errors need to be handled in such a way that the vehicle will remain in a 
safe state until the error has been fixed. Finally the code needs to be structured according 
to Solving guidelines, flexible to possible hardware component changes, commented and 
documented such that it is readable and modifiable by employees at Solving even after 
the completion of this thesis. 
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3. APPROACH 

Systems such as the one in this thesis are called Cyber-Physical Systems (CPS), which is 
a new, popular term often used in the context of embedded systems and in the field of 
system design. The word “cyber” stands for the digital computing part of the system and 
the “physical” part of the term refers to the environment the digital computer is interacting 
with. A CPS does computations based on inputs coming from the environment, of which 
the outputs result in a change in the same environment. In this case the input from the 
environment is coming from a human operator using the remote controller. The digital 
computation happens inside the remote controller and the PLC, where the values for the 
drive units, i.e., the turning angle and speed for each wheel is calculated. The human 
operator sees these changes and turns the joysticks according to where he/she wants the 
vehicle to go. The same principle applies for an AGV, only that the human and remote 
controller is replaced with a separate control system. 

The program structure made in this thesis will calculate set values for the turning angles 
and speeds of each wheel in the vehicle. These values are not the final values that will be 
used as control values for the wheels. The set values that are calculated with the program 
structure made in this thesis are used as inputs for controllers that are usually P-, PI- or 
PID-controllers. The outputs from these controllers are finally converted outside the PLC 
usually in a separate AC (Alternating Current)- or DC (Direct Current)- drive to electrical 
control signals for the drive and steer motors on the drive units.  

The process starting from reading the set values produced by the solution presented in 
this thesis and ending at the electric output signals calculated by the AC-or DC-drive is 
vulnerable to disturbances from the environment. The set values must therefore be com-
pared with measured reference values. The reference values in this case, i.e., the true 
speeds and turning angles of each wheel are measured with sensors such as encoders and 
potentiometers. The electric signals from the sensors are converted to turning angles and 
speeds inside the Siemens PLC after which the values can be used for comparison with 
the set values. The set value calculation provided by this thesis need to function correctly 
in order for the rest of the system to work. If a set value is incorrect it can result in a wheel 
skidding, jumping, turning to the wrong direction or in the worst case the vehicle may 
suddenly turn, accelerate or brake unintentionally. 

3.1 Proposed Solution 

Each drive unit in the vehicle should be considered unique, i.e., each drive unit has limit 
values such as maximum speed and turning angle and most importantly a position. The 
Cartesian coordinate system, i.e., the x/y-coordinate system has been chosen to express 
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the position of a drive unit. The x- and y-coordinates of a drive unit is easy to derive from 
the mechanical design drawings of the vehicle or by physically measuring the distances 
in the direction of the x-axis and the y-axis of the vehicle. Because each drive unit is 
considered unique, the set value calculation needs to be done separately for each drive 
unit. In other words there will be n-amount of set value calculations for a vehicle with n-
amount of drive units.  

The variable inputs that make the wheels turn and roll are the joystick readings. In order 
for the joystick readings to make any sense, they need to be translated to normalized 
values located in the same coordinate system as the drive units. While this translation 
from raw joystick inputs to reference values normalized to the coordinate system could 
be done in parallel during each set value calculation, the more optimal solution is to sep-
arate the translation of the joystick values into a separate translation function. This way 
the translation can be done only once instead of n-times. The relation between the trans-
lation function and the set value calculation functions is presented in figure 20. The trans-
lation function from the raw joystick values to reference values is denoted as f1 and the 
set value calculation functions are denoted as f2. In addition to the joystick values, the 
translation function will need to know some vehicle dimensions such as position of front 
and rear axis in order to be able to calculate the reference values correctly. Consider for 
instance how f1 is supposed to know where the rear axis is when the vehicle is driving in 
the front wheel steering program. This is need to know so that the turning angle of the 
wheels on the rear axis can be fixed. 

 

Figure 20.  Set speed and turning angle calculation based on joystick readings, vehi-
cle dimensions and the coordinates of the wheels. 

The reference values mentioned in figure 20 will be explained later in detail, but let it be 
mentioned at this stage that the reference values consist of a reference velocity, angular 
velocity, active steering program, heading of the vehicle and the location of the Instanta-
neous Center of Rotation (ICR). These reference values are used in the functions f2 to 
calculate the set speed and turning angle of the wheels. 
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3.2 Mathematical Analysis 

The division of reference value calculation and set value calculation according to the 
structure presented in the previous section is very optimal also because the heavy calcu-
lations can be done only once in the reference value calculation function f1 and the rest 
of the calculations can be done in the set value calculation functions f2. This section is 
dedicated to theoretical background and deriving the equations and algorithms that are 
used in the functions f1 and f2.  

3.2.1 Joystick Readings 

The two joysticks that are used for controlling the vehicle are located on the remote con-
troller. Typically the left joystick is used to control the heading of the vehicle and the 
right joystick is used to control the speed of the vehicle. The output types coming from 
the joysticks can differ from one another, depending on the remote controller manufac-
turer, but typically there are at least two analog outputs, one for the analog joystick posi-
tion in the horizontal direction and another for the analog joystick position in the vertical 
direction. The analog values can be symmetric, which result in a quadratic joystick space 
or the analog values can be asymmetric such that the analog values form a circular joy-
stick space. In addition to the analog outputs, most joysticks have four digital outputs, 
expressing the digital direction of the joystick. A typical setup of the joystick outputs is 
illustrated in figure 21. 

 

Figure 21.  A typical joystick, which outputs consist of a horizontal and vertical ana-
log value and four digital values. The digital values consist of four Boolean val-
ues, UP, RIGHT, DOWN, LEFT. The horizontal and vertical analog values are 

scaled 0-255 to both directions. 
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The joystick in figure 21 has four digital outputs and two analog outputs, which form a 
quadratic joystick space. The sign of the analog values is the same in all directions, which 
means that the analog values only express the magnitude of the joystick output, while the 
digital outputs give the direction of the magnitude. For instance, if both analog values are 
255 the joystick may be pointing in any of the four corners in the quadratic joystick space. 
If on the other hand the digital values UP and RIGHT are true while both analog values 
are 255, the joystick is positioned in the top right corner of the quadratic joystick space.  

One perhaps unusual, but useful quality of the joysticks on the remote controller used 
during testing of the program structure done in this thesis, was tracks in the digital direc-
tions. Deviating from the tracks in the digital directions required some extra force. This 
could also be noticed in the joystick outputs, while only one of the digital outputs were 
true as long as the joystick remained in one of the tracks. If the joystick was for instance 
used in the track of the digital UP direction, the only true digital output was the UP output. 
This is a quality of the joysticks that has been assumed for all joysticks, especially when 
using the default Solving steering configuration. If the functions developed in this thesis 
are to be used with joysticks not having the said quality the digital values may need to be 
filtered with the help of the analog values. The digital values are a must for the program 
structure to work. 

3.2.2 Detection of Steering Program 

The steering configuration, i.e., the way at which the active steering program is deter-
mined can be changed in the new program structure developed in this thesis. There are 
three built-in steering configurations and one example of how a programmer can imple-
ment a custom steering configuration. The example steering configuration will not be 
covered in this document, as the purpose is only to show how fellow software engineers 
can modify and be creative with the given code. In one of the other steering configura-
tions, the active steering program is changed with Boolean variables that can come from 
a switch on the remote controller. The remaining two steering configurations that will be 
covered in this document is the default steering configuration and a modified version of 
the default steering configuration. The default steering configuration has been developed 
by Solving and is used in most Solving air film movers today. The modified version of 
the default steering configuration has been made in order to have an alternative to the 
default configuration that resembles a configuration of other more familiar vehicles. In 
both the default and modified steering configurations, the active steering program is de-
termined by the digital joystick outputs.  

The direction of the vehicle movement in the default steering configuration is gotten di-
rectly from the vertical, digital direction of the right joystick. If the UP value on the right 
joystick is true, the vehicle will move forward, if the DOWN value is true, the vehicle 
will move backwards, if neither of them are true the vehicle will remain still. The front 
wheel steering program is activated when the right joystick is pointing either straight up 
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or straight down and the left joystick is pointing either left or right. The crabwise steering 
program is active when both joysticks are pointing in the same horizontal direction and 
the counter-phase steering program is in contrast to the crabwise steering program active 
when the joysticks are pointing in the opposite horizontal directions. The rear wheel steer-
ing on the other hand is active when the left joystick is idle and only the right joystick is 
pointing in both a vertical and a horizontal direction. The behavior of a vehicle using the 
default steering configuration is presented in figure 22. All possible joystick combinations 
could not fit in figure 22, but the main idea should be clear. On the first row of figure 22 
is the direction of movement, on the second row the behavior of the vehicle in default 
steering configuration and on the third row is the joystick combination used for the steer-
ing program presented in the same column.  

 

Figure 22.  Row 1: Moving direction, 2: Direction of the wheels on an 8 wheel vehi-
cle, 3: Joystick directions. Colum A: Front wheel steering, B: Crabwise steering, 

C: Counter-phase steering, D: Rear wheel steering. 

The remaining steering programs that are not presented in figure 22, i.e., differential drive 
mode and rotation mode are not activated with joystick combinations. They are instead 
turned on or off with a switch or switches on the remote controller. The speed and direc-
tion of the rotation in rotation mode is controlled with the vertical analog value of the 
right joystick and in differential drive mode the speed of the wheels on the left side is 
controlled with the left joystick and the wheels on the right side are controlled with the 
right joystick, similar to skid steered vehicles presented in chapter 2. The differential drive 
mode and the rotation mode are activated by switches instead of joystick combinations, 
because lack of joystick combinations, remarkably different vehicle behavior and differ-
ent interpretation of joystick readings.  

In addition to the rotation mode and the differential drive mode, the vehicle orientation 
can be changed with a switch on the remote controller, assuming it is allowed by the 
turning angle limits of the wheels. The orientation of the vehicle can be either lengthwise 
or crosswise. In crosswise mode, the orientation of the vehicle is rotated by +90° in com-
parison to the lengthwise direction, i.e., the vehicle front will be on the right side of the 
vehicle, right side is moved to the vehicle rear, rear is moved to the left side of the vehicle 
and the left side has moved to the front of the vehicle. Otherwise the behavior is the same. 
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The eight-wheel vehicle presented in figure 22 would in crosswise mode turn only the 
wheels on the right side during front wheel steering for instance. 

3.2.3 Derivation of Vehicle Heading 

The vehicle heading is the desired direction of movement of the vehicle. Conventionally, 
the heading of a vehicle is the direction of the vehicle in reference to some sort of fixed 
coordinate system. In this case there is no fixed coordinate system in which the vehicle is 
moving, if there would be it would probably be the factory floor or some other similar 
environment the vehicle is moving in. The coordinate system used in this case is fixed to 
the moving vehicle, where the orientation of the vehicle in relation to the coordinate sys-
tem is always the same and the origin is always the vehicle center. Therefore the vehicle 
heading in this thesis is defined perhaps a little bit differently than usual. 

The desired heading is gotten from the horizontal analog value of the left joystick in all 
steering programs except rear wheel steering and differential drive mode. In rear wheel 
steering the desired heading is gotten from the horizontal analog value of the right joystick 
and in differential mode, the heading is gotten from a combination of the vertical analog 
values of both joysticks.  

The vehicle heading is normalized to a maximum desired heading of the vehicle as fol-
lows: 

𝛼𝛼 = 𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼
𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎

𝑥𝑥𝐿𝐿𝐿𝐿,𝑅𝑅𝐿𝐿,               (1) 

where α is the desired heading, maxα is the maximum value of the vehicle heading, maxaj 
is the maximum of the analog joystick value and xLJ,RJ is the variable, horizontal analog 
value of the left joystick or right joystick as explained above. 

The unit of the desired heading is either degrees or radians and it is supposed to express 
a change in the orientation. The most intuitive choice would be to normalize the heading 
to the vehicle center. Expressing the heading through the vehicle center does not however 
describe the nature of the steering programs. It was additionally noticed after the testing 
phase that normalizing the heading to the vehicle center in all steering programs caused 
some challenges in the reference value calculation. The desired heading is therefore nor-
malized to either the vehicle front, vehicle rear or the vehicle center according to figure 
23. 
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Figure 23.  A: The desired heading normalized to the vehicle center during crabwise 
steering, B: The desired heading normalized to the vehicle front during front 

wheel and counter-phase steering, C: The desired heading normalized to the vehi-
cle rear during rear wheel steering, D: The desired heading during differential 

drive mode. 

There are four different types of headings. One heading expresses the heading of the ve-
hicle center (A), the second of the vehicle front (B), the third of the vehicle rear (C) and 
the fourth heading is a specific heading used only during differential drive mode (D). In 
crabwise steering program, the desired heading is normalized to the vehicle center. All 
wheels are turning the same amount as the desired heading and the speed of all wheels is 
the same. The heading of the vehicle front, mid and rear are in other words all the same.  

In front wheel steering and counter-phase steering, the direction of the vehicle front is 
changed, which is why the desired heading is normalized to the vehicle front. Following 
the same principle, the desired heading is normalized to the vehicle rear during rear wheel 
steering. While the desired heading is the interesting part in the different steering pro-
grams, the vehicle will always have a heading of the front, mid and rear, but only one of 
them are called the desired heading and used in the calculations. Please note that during 
counter-phase steering the sign of the heading of the vehicle rear is the opposite to the 
sign of the heading of the vehicle front, hence the name “counter-phase” steering.  

In the differential drive mode, the heading is defined in a completely different way than 
in the other steering programs. In the differential drive mode, the speed of the left side of 
the vehicle is controlled with the vertical analog value of the left joystick and the speed 
of the right side of the vehicle with the vertical analog value of the right joystick. An 
imaginary line intersecting the vectorial joystick values corresponding to the left and right 
side of the vehicle is created as can be seen in figure 23. The vehicle heading during 
differential drive mode is furthermore defined as the angle between the imaginary line 
and the normal line to the wheel planes. The equation of the imaginary line is 

 𝑦𝑦 =  𝑦𝑦𝐿𝐿𝐿𝐿−𝑦𝑦𝑅𝑅𝐿𝐿
𝑚𝑚𝐿𝐿𝐿𝐿−𝑚𝑚𝑅𝑅𝐿𝐿

𝑥𝑥 − 𝑦𝑦𝐿𝐿𝐿𝐿−𝑦𝑦𝑅𝑅𝐿𝐿
𝑚𝑚𝐿𝐿𝐿𝐿−𝑚𝑚𝑅𝑅𝐿𝐿

𝑥𝑥𝐿𝐿𝐿𝐿 + 𝑦𝑦𝐿𝐿𝐿𝐿,            (2) 
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where yLJ  is the vertical analog output of the left joystick, xLM is the distance between the 
vehicle center and the leftmost wheel and xRM is the distance between the vehicle center 
and the rightmost wheel. By inserting y = 0 into (2), the distance d in figure 23 can be 
derived as: 

𝑑𝑑 =  𝑥𝑥𝐿𝐿𝐿𝐿 − 𝑚𝑚𝐿𝐿𝐿𝐿−𝑚𝑚𝑅𝑅𝐿𝐿
𝑦𝑦𝐿𝐿𝐿𝐿−𝑦𝑦𝑅𝑅𝐿𝐿

𝑦𝑦𝐿𝐿𝐿𝐿,              (3) 

where d is the distance between the intersection point of the imaginary line and the normal 
line to the wheel planes and the vehicle center as shown in figure 23. The distance d and 
the reference speed, which will be derived later gives the vehicle heading 

𝛼𝛼 =  tan−1 �𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟
𝑑𝑑
�,               (4) 

where vref is the reference speed or the speed of the vehicle center, which will be derived 
in section 3.2.5. Please note that the sign of all the headings in figure 23 are negative. If 
the vehicle turns to the opposite direction, the heading will be positive. In differential 
drive mode it means that the imaginary line intersecting the heads of the speed vectors 
would be falling instead of rising. 

3.2.4 Calculating the Location of the Instantaneous Center of 
Rotation 

The new program structure needs to be dynamic in the sense that it must be able to handle 
n-amount of drive units. Each instance of the set value calculation functions f2 must there-
fore be unaware of each other and there is no use for the vehicle heading alone in the f2-
functions. The functions cannot for instance be aware of where the front axis is during 
rear wheel steering on the basis of the vehicle heading. Therefore, the Instantaneous Cen-
ter of Rotation (ICR) is one of the reference values, i.e., inputs to the set value calculation 
functions f2. The ICR is the point fixed to the vehicle body that has zero velocity or in 
other words the point, around which the vehicle creates a circular field. In this thesis it 
can also be defined as the point, where all normal lines to the wheel planes intersect, as 
mentioned in chapter 2. In rotation mode it is quite clear that the point fixed to the vehicle 
with zero velocity, ICR is located exactly at the vehicle center, i.e., the origin (0, 0) in the 
vehicle coordinate system. In figure 23 it can be seen that the corresponding point in 
differential drive mode is always located at (d, 0). During crabwise steering on the other 
hand there is no point fixed to the vehicle body that has zero velocity. For all other steer-
ing programs than crabwise steering, the location of the ICR must however be calculated 
as derived in this section. 

In the front, rear and counter-phase steering programs, the ICR follows the path of a 
straight line. During these steering programs the y-coordinate of the ICR will be fixed to 
either the vertical position of the rear axis, front axis or the vehicle center. While the y-
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coordinate of the ICR is fixed, the quantity that is responsible for steering the vehicle is 
the x-coordinate of the ICR. Note that the definition of the ICR during front wheel, rear 
wheel and counter-phase steering programs is that all the normal lines to the wheel planes 
must always intersect at the ICR as usual when a vehicle is driving according to the 
Ackerman condition. That is why changing the position of the ICR will cause the wheels 
to turn. 

Because one of the inputs of the reference value calculation function is the vehicle di-
mensions, i.e., a direct input value and the desired heading was derived earlier, the only 
unknown in the right triangle formed by the desired heading, the ICR and the vehicle 
front, mid or rear is the ICR x-coordinate, which can be derived from the tangent of the 
heading 

𝑥𝑥𝐼𝐼𝐼𝐼𝑅𝑅 =  𝑦𝑦𝑉𝑉𝑉𝑉,𝑉𝑉𝑅𝑅−𝑦𝑦𝐼𝐼𝐼𝐼𝑅𝑅
tan(𝛼𝛼)

+ 𝑥𝑥𝑉𝑉𝑉𝑉,𝑉𝑉𝑅𝑅,             (5) 

where yVF,VR is the y-coordinate of either the vehicle front (VF) or vehicle rear (VR) de-
pending on which steering program is active, xVF,VR is the x-coordinate of the correspond-
ing vehicle end and yICR is the y-coordinate of the ICR. During front wheel and counter-
phase steering the, coordinates of the vehicle front, i.e., yVF and xVF are used, while the 
coordinates of the vehicle rear, i.e., yVR and xVR are used during rear wheel steering. 

The equations derived in this section are meant for a vehicle driving in the lengthwise 
direction. Please note that the same principles apply for a vehicle driving in crosswise 
direction, only that the coordinate system is rotated by +90°. In other words, the x- and 
y-coordinates change places. If the vehicle is driving in the front wheel steering program 
during crosswise mode for instance, the ICR will follow a line perpendicular to the normal 
line of the leftmost wheel and not the rear wheel as in lengthwise mode. 

3.2.5 Calculation of Reference Velocity and Angular Velocity 

The derivation of the velocity of the wheels on a vehicle has been inspired by the opera-
tional principle of the differential that is a fully mechanical component presented in chap-
ter 2. Meaning that when the vehicle is turning, the velocity of the wheel with the largest 
velocity will remain constant while the velocity of the other wheels will be scaled down. 
In practice this means that a wheel’s velocity is not restricted only by the joystick read-
ings, but also by the heading of the vehicle. One way to think about it is that the throttle 
will control the velocity of the wheel or wheels with the largest velocity, while the steer-
ing parameter will limit the velocity of the other wheels. The set value calculation func-
tions f2 will however need to have a reference input in order to be able to calculate the 
speed for the wheel(s) with the largest speed.  

In all steering configurations and steering programs except differential drive mode, the 
so called reference velocity is derived from the vertical analog value of the right joystick.  
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The original analog scale of the right joystick is first normalized, i.e., linearly adjusted to 
the maximum velocity of the wheel that will have the largest velocity, before it is scaled 
to the velocity of the vehicle center, i.e., the reference velocity. The velocity of the wheel 
with the fastest speed is in other words calculated as: 

𝑣𝑣𝑤𝑤ℎ = 𝑚𝑚𝑚𝑚𝑚𝑚𝑤𝑤ℎ
𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎

𝑦𝑦𝑅𝑅𝐿𝐿,               (6) 

where vwh is the normalized value of the vertical analog value of the right joystick and 
simultaneously the velocity of the wheel furthest from the ICR, maxwh is the maximum 
allowed wheel and vehicle velocity, maxaj is the maximum value of the analog joystick 
value and yRJ is the variable, vertical analog value of the right joystick. Because the time 
it takes for the wheel and the vehicle center to rotate around the ICR is equal, the velocity 
of the vehicle center is simply 

𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑅𝑅𝑤𝑤ℎ
𝑅𝑅𝑣𝑣𝑣𝑣

𝑣𝑣𝑤𝑤ℎ,               (7) 

where vref is the velocity of the vehicle center, Rwh is the distance between the wheel with 
the velocity vwh and the ICR and Rvc is the distance between the vehicle center and the 
ICR. The distances to the ICR has been chosen to be denoted with a capital “R” in order 
to symbolize a radius of the circle being formed around the ICR. The distances denoted 
“R” are calculated using the Pythagorean Theorem, where the distance between an arbi-
trarily chosen point (x, y) and the ICR is calculated as 

𝑅𝑅 = �(𝑥𝑥𝐼𝐼𝐼𝐼𝑅𝑅 − 𝑥𝑥)2 + (𝑦𝑦𝐼𝐼𝐼𝐼𝑅𝑅 − 𝑦𝑦)2.            (8) 

The normalization of the vertical analog value of the right joystick done in (6) and (7) is 
a quite straight forward process as long as the vehicle is not rotating. When the vehicle is 
rotating, the distance between the ICR and the vehicle center is 0, which means that the 
velocity of the vehicle center is 0. Thus, the velocity of the vehicle center cannot be used 
as a reference for wheel speed. A better quantity describing rotational movement is angu-
lar velocity, i.e., 

𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 =  𝑣𝑣𝑤𝑤ℎ
𝑅𝑅𝑤𝑤ℎ

,                (9) 

where ωref is the angular velocity of the vehicle rotating around the ICR. Please note that 
the velocity of the wheels in rotation mode is of course still controlled by the vertical 
analog value of the right joystick, hence (6) is used during rotation mode to find the ve-
locity of the wheel furthest from the ICR, after which the velocity is transformed to the 
angular velocity of the vehicle using (9). Although the angular velocity is a variable only 
needed during rotation mode it will also be calculated during all other scenarios in case 
the angular velocity would find a purpose in applications in the future. 
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Although the reference velocity expresses the velocity of the vehicle center in differential 
drive mode as in the other steering programs, it is derived in a completely different way 
than in the other steering programs. In the differential drive mode, the vertical analog 
value of the right joystick is used to control the velocity of only the right side of the 
vehicle unlike how it is used in the other steering programs. The reference velocity is 
derived in an imaginary coordinate system consisting of two vertical vectors with the 
magnitude corresponding to the vertical analog joystick values of the left and right joy-
stick and some symmetry lines according to figure 24.  

 

Figure 24.  Normalization of the velocities of the left and right side of the vehicle and 
the reference velocity during differential drive mode. 

The vector with the same magnitude as the left joystick is placed to the left of the origin 
at the same horizontal distance from the origin as the leftmost wheel and the other vector 
is similarly placed at the right side of the origin at the same horizontal distance from the 
origin as the rightmost wheel. The x-axis of the imaginary coordinate system is the normal 
line to the wheel planes. An imaginary line is drawn intersecting the heads of both the 
vectors and the imaginary x-axis. The equation of the line was presented earlier in equa-
tion (2). The reference velocity is an imaginary vector located between the left and right 
vectors at the vehicle center and can be calculated by inserting x = 0 into (2), which gives 

𝑣𝑣𝑣𝑣𝑣𝑣 = − 𝑦𝑦𝐿𝐿𝐿𝐿−𝑦𝑦𝑅𝑅𝐿𝐿
𝑚𝑚𝐿𝐿𝐿𝐿−𝑚𝑚𝑅𝑅𝐿𝐿

+ 𝑦𝑦𝐿𝐿𝐿𝐿,            (10) 

where vvc is the velocity of the vehicle center in the imaginary coordinate system. The 
result of (10) gives in other words a value of the reference velocity normalized to the 
analog joystick values. To get the final reference velocity, the vector still needs to be 
rescaled such that it is normalized to a velocity unit. The velocity calculated in (10) is 
therefore inserted into (6), which gives 

𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑤𝑤ℎ
𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎

𝑣𝑣𝑣𝑣𝑣𝑣.             (11) 
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The reference velocity is in other words first calculated with reference to the imaginary 
coordinate system before it is finally normalized to the actual velocity of the vehicle cen-
ter. 

3.2.6 Calculation of the Set Speed and Turning angle 

Just as the reference values behave differently depending on which steering program is 
active, the set value calculation behaves differently depending on which steering program 
is active. When crabwise steering program is active, the speed of all wheels is the same 
as the value of the reference velocity and the turning angle of all wheels is the current 
desired heading, i.e., the heading of the vehicle center. Note that there is no need for the 
coordinates of the wheel in the set value calculation during crabwise mode, because all 
the wheels are supposed to have the same turning angle and set speed. In all the other 
steering programs that is not the case.  

In differential drive mode all the wheels are locked at their respective idle angle, but the 
speed of the wheels differ from one another. The set speed for a wheel can be derived 
from figure 24 and is calculated by  

𝑣𝑣𝑠𝑠𝑟𝑟𝑠𝑠 = (𝑥𝑥𝐼𝐼𝐼𝐼𝑅𝑅 − 𝑥𝑥𝑤𝑤ℎ) tan(𝛼𝛼),           (12) 

where vset is the set speed of the wheel and xwh is the x-coordinate of the wheel. In the 
other steering programs, the set speed depends on the distance between the ICR and the 
wheel. The relative time for a wheel rotating around the ICR should be the same as the 
relative time for the vehicle center rotating around the ICR, which gives 

2𝜋𝜋𝑅𝑅𝑤𝑤ℎ
𝑣𝑣𝑠𝑠𝑟𝑟𝑠𝑠

= 2𝜋𝜋𝑅𝑅𝑣𝑣𝑣𝑣
𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟

.             (13) 

Because the distances Rwh, Rvc and vref can be calculated using the equations derived ear-
lier, the only unknown in (13) is the set speed, which can be solved as 

𝑣𝑣𝑠𝑠𝑟𝑟𝑠𝑠 = 𝑅𝑅𝑤𝑤ℎ
𝑅𝑅𝑣𝑣𝑣𝑣

𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟.             (14) 

The set speed calculation is quite a straight forward process. The turning angles during 
front wheel, rear wheel, counter-phase steering and rotation mode on the other hand are 
a bit more difficult to process. There are several approaches of calculating the turning 
angles following the Ackerman condition that are presented in (Bishikar 2014), 
(Giancarlo et. al 2009) and (Jazaar 2008) among others that handle the calculation of 
turning angles. Each approach could be extended to multi-wheeled vehicles, but they all 
assume that the relationship between the wheels is somehow fixed, which cannot be as-
sumed in this case, where it must be possible to position a wheel freely in the Cartesian 
coordinate system. The approaches could be used when creating a vehicle with a specific 
layout of the wheels, but not in this case. 
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The turning angle of a wheel, is the angle between the wheel plane and the positive y-axis 
of the vehicle. The turning angle is negative when the wheel is turning counterclockwise, 
i.e., left and positive when the wheel is turning clockwise, i.e., right just as the sign of the 
heading. A wheel with the turning angle θ is presented in figure 25. 

 

Figure 25.  Freely positioned wheel with turning angle θ. The coordinates of the 
wheel is (xwh, ywh) and the coordinates of the ICR that the normal line to the 

wheel plane is intersecting is (xICR, yICR). 

Figure 25 has been drawn following the fact that the turning angle θ is the angle between 
the wheel plane and the positive y-axis of the vehicle and that the normal line to the wheel 
plane intersect with the ICR. The unsigned value of the turning angle is 

𝜃𝜃 = tan−1 �‖𝑦𝑦𝑤𝑤ℎ���������⃑ −𝑦𝑦𝐼𝐼𝐼𝐼𝑅𝑅����������⃑ ‖
‖𝑚𝑚𝐼𝐼𝐼𝐼𝑅𝑅����������⃑ −𝑚𝑚𝑤𝑤ℎ��������⃑ ‖

�.            (15) 

Considering that the sign of the turning angle is supposed to be positive when the wheel 
is turning right and negative when the wheel is turning left, the signed turning angle is 

𝜃𝜃 = tan−1 �𝑦𝑦𝑤𝑤ℎ−𝑦𝑦𝐼𝐼𝐼𝐼𝑅𝑅
𝑚𝑚𝐼𝐼𝐼𝐼𝑅𝑅−𝑚𝑚𝑤𝑤ℎ

�,            (16) 

which is the signed turning angle of any wheel during the front wheel, rear wheel, coun-
ter-phase and rotation mode steering programs. 
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3.2.7 Exceptions that may Occur During the Calculations 

In the beginning of this chapter, all the reference values were mentioned, but no motiva-
tion or explanation for them were given yet at that stage. It has been shown that the ref-
erence values all behave somewhat differently depending on what steering program is 
active. The purpose of each reference value was shown by mathematical derivation be-
ginning from the inputs such as the digital and analog joystick outputs and ending at the 
final set speeds and turning angles of the wheels. Several exceptional situations may occur 
during this calculation process. One of the most significant exceptions occur when a head-
ing is outside the interval ]-90°, 90°[. Consider the situation in figure 25 for instance. 
How is the set value calculation function f2 supposed to know if the turning angle is 
indeed θ or θ - 180°? By comparing the signs of the calculated turning angle and the 
desired heading, the set value calculation function can compensate for possible errors. In 
other words, the set value calculation function will add or subtract 180° from the calcu-
lated turning angle, when necessary.  

Dangerous exceptions may occur if some of the set speeds or turning angles get an unde-
fined value such as overflow, underflow or NaN (Not-a-Number). The speed or turning 
angle may then suddenly jump from a very low value to a high invalid value and if the 
vehicle is poorly designed it can cause the wiring in a drive or steer motor to overheat, 
which in worst case can lead to a fire. That is why all outputs, also the reference values 
need to be checked for situations such as overflow, underflow and NaN, even though they 
are most likely related to faulty inputs. If such an error occur, the best solution is to put 
the vehicle in idle-mode with all turning angles and speeds set to zero.  

Other exceptions related to faulty inputs occur for instance when the vehicle width is zero 
and the vehicle is trying to activate differential drive mode, which is clearly not possible 
when the vehicle width is zero. Because all wheels are vertically in-line, it’s impossible 
to steer as supposed to during differential drive mode, i.e., the speed of the left side with 
the left joystick and the speed of the right side with the right joystick. In this particular 
situation the steering program will be forced to change to crabwise steering instead of 
differential drive, while all the turning angles of the wheels remain idle. 

Handling exceptions is one of the parts of the program structure that lifts the level of 
quality of the code and is an essential part of the program structure developed in this 
thesis. All specific exceptions can however not be handled in this document, due to sev-
eral reasons, of which most importantly lack of space. The examples mentioned in this 
section should however give an idea of what types of exceptions are checked in the code. 
The procedure done when an exception happens is explained in more detail in the next 
chapter. 
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3.2.8 Summary of Mathematical analysis 

Because the active steering program is such an essential part of the program, it must be 
determined first before starting actual calculations. The active steering program is deter-
mined either with a switch, as done in one of the steering configurations or with a look-
up-table (LUT) made of the digital outputs (DO) of the joysticks. After determination of 
the active steering program, the reference value calculations are done in the reference 
value calculation function that was denoted as f1. The reference values consisting of the 
active steering program, vehicle headings, reference velocity, angular velocity and the x- 
and y-coordinates of the ICR are used as inputs in all of the n-amount of set value calcu-
lation functions that were denoted as f2. The set value calculation function calculates the 
final set values of speed and turning angle for one wheel. 
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4. IMPLEMENTATION 

The outcome of this thesis will affect everyone at Solving all the way from the salesman 
to the final customer. The salesman will be able to sell Siemens-based vehicles with more 
wheels than was possible before this thesis, which on the other hand leads to several ben-
efits from the customer’s perspective. A vehicle with a lot of wheels will divide the load 
on a larger surface area and creates a smaller pressure on the floor or ground it is moving 
on than a vehicle with less wheels. Solving will be able to produce electric modular trans-
porters based on Siemens PLCs, which they were not able to produce before. The Siemens 
based electric modular transporters may even interest new customers and create business 
opportunities for Solving that were not possible before this thesis. The mechanical and 
electrical engineers at Solving will have to design for these types of vehicles and the 
production workers will have new types of products to assemble. Most importantly the 
software engineers at Solving will have to learn to use a new program structure. 

The most important stakeholders have been taken into consideration during the entire 
development process of the new program structure. The physical and virtual parts of the 
vehicle connected to these stakeholders can be divided into several types of interfaces. 
The stakeholders, interfaces and a few of the most important use cases are presented in 
figure 26. The use cases are presented using the UML (Unified Modelling Language) use 
case diagram. UML will be used in several of the figures in this chapter to express the 
choices made in the final implementation of the new program structure. 

 

Figure 26.  Vehicle interfaces and a UML use case diagram of the most important use 
cases. 

The customers that will be operating the vehicle have been divided into two main types 
of users, beginner level operators and expert level operators. The beginner level operators 
drive the vehicle using the remote controller and use only the most basic steering pro-
grams such as front wheel and rear wheel steering. The expert level operator on the other 
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hand is comfortable using all the steering programs. The expert level operator can addi-
tionally modify vehicle settings using the web-interface or a control panel that is usually 
located on the remote controller.  

The electrical worker assembles the hardware and sees to it that the electrical connections 
in the vehicle are done correctly. The electrical connections are the reason why a signal 
from the PLC can cause the wheels to turn and roll. The software engineer on the other 
hand makes sure that the electrical signals behave correctly. The software created by the 
software engineer, sees to it that the signals coming from the remote controller result in 
the desired behavior of the vehicle. The most basic vehicles can be programmed by fine-
tuning a few parameters or making changes in the vehicle software on the functional level, 
i.e., usually using the FBD (Function Block Diagram) programming language in the Sie-
mens programming environment, while in more rare cases, the software engineer needs 
to modify the software on a more detailed level. 

From the perspective of the program structure developed in this thesis, each stakeholder 
must follow their responsibilities, if the program structure is to function properly. The 
software engineer that will be in direct contact with the program structure must connect 
the right inputs and outputs to the program blocks, the electrical worker must see to it that 
all hardware is used as planned, that the encoders and potentiometers are installed in the 
correct orientation and position for instance. If an encoder is installed wrong, the corre-
sponding wheel can turn to the wrong direction. The expert level operator must use logical 
vehicle settings defined in the web-interface. Because if the operator changes a setting 
like the vehicle width, the differential drive mode cannot be activated in some cases for 
instance. 

The beginner level operator must be able to use the remote controller to drive the vehicle 
and change steering programs either via the digital outputs of the joysticks or a switch on 
the remote controller. The expert level operator should additionally, depending on what 
rights the operator is given, be able to enable or disable steering programs, change steer-
ing configuration, change attributes of the drive units such as maximum allowed speeds 
and turning angle limits and change the vehicle dimensions.  

The program structure must be done such that it does not create extra work for the elec-
trical worker. Poor software design can sometimes result in more work on the hardware. 
Most importantly the software engineers that will be using the new program structure 
must be able to do their work. The names of the inputs and outputs used in the program 
structure must be well deliberated, the communication flow needs to be logical, the func-
tions and blocks must be documented in detail and most importantly the source code 
needs to be made such that if a software engineer unfamiliar with the program structure 
needs to modify the source code it will be intuitive to get into. It is possible that a customer 
is for instance asking for a completely custom made steering configuration. In that case, 
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the software engineer needs to be able to learn about the program structure by reading the 
documentation and implement the steering configuration in the source code. 

4.1 Block Diagram of the New Program Structure 

The program structure is implemented in the Siemens STEP 7 (TIA Portal) programming 
environment using Siemen’s text-based programming language called SCL (Structured 
Control Language). The language is related to the IEC 61131-3 standardized ST (Struc-
tured Text) language, but compared to ST there are a few more features in SCL. The 
interface of the reference value calculation and set value calculation functions presented 
in chapter 3, have been done in the FBD (Function Block Diagram) language. The created 
program structure consists in other words of two types of FBs (Function Blocks), one 
reference value calculation FB and one set value calculation FB. The SCL is thus used 
for the internal implementation of the FBs. The idea is that only one of the reference value 
calculation FBs and n-amount of the set value calculation FBs is to be used in vehicle 
programs (n is the amount of wheels as explained before). Function Blocks as well as the 
SCL programming language are familiar to all software engineers at Solving, which jus-
tifies the choice of using FBD and SCL.  

FBs are intuitive to use and a natural choice for functions such as the ones made in this 
thesis. Only the inputs and outputs are visible to the programmer and there is no need to 
study the internal implementation of the functions. If however seen necessary, for in-
stance when a customer require a custom made steering configuration, it is no problem 
for the programmer to edit the internal implementation of the FBs. It is also possible to 
protect function blocks, which could be useful if the customer is allowed access to the 
software of the vehicle, but the internal implementation of the FBs is desired to be kept 
secret. A block diagram of the program structure is presented in figure 27. 
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Figure 27.  Block diagram of the new program structure. 

Because four of the set value calculation functions are used, it can be derived that the 
program structure of figure 27 is being used in a vehicle with four wheels. The inputs of 
the reference value calculation function block are the steering configuration, enabled 
steering programs, the vehicle dimensions, i.e., position of the front and rear axis in both 
the lengthwise and crosswise direction, the remote controller signals such as the joystick 
readings and switches for the differential drive mode, crosswise/lengthwise switch and 
rotation mode switch. The last input of the reference value calculation FB determined by 
the programmer is meant for an optional switch for activating or deactivating steering 
programs that is used in the steering configuration, where steering programs are activated 
and deactivated with a switch.  

The main purpose of the reference value calculation function is to use the presented inputs 
to calculate the reference values that will be used in the set value calculation functions. 
The reference values are as mentioned earlier the active steering program, reference 
speed, angular velocity of the vehicle, the x- and y-coordinates of the ICR and the vehicle 
headings. The EN and ENO signals drawn in figure 27 are characteristic of the Siemens 
PLC programming languages. When the EN signal is true, the FB is enabled and vice 
versa. The ENO signal is usually used to enable subsequent FBs, subordinate to the FB 
outputting the ENO signal. In figure 27, the ENO signal of the reference value calculation 
FB is used to enable the set value calculation FBs. This way the ENO coming from the 
reference value calculation function can be used to disable the set value calculation func-
tions in case of a serious error. 



45 

Each set value calculation FB has a unique set of inputs consisting of the x- and y-coor-
dinates of a wheel and the limiting values, i.e., drive unit type, maximum speed and max-
imum positive and negative turning angles. The interesting results of the program struc-
ture are the outputs of the set value calculation FBs, i.e., the turning angles and set speeds 
of each wheel. Those outputs will be used in other parts of the program before they are 
finally converted to electrical signals for the drive and steer motors of the drive units. 

To keep the final set values within a reasonable range, the reference values must be scaled 
and restricted accordingly. Safe values, i.e., values when the turning angles and set speeds 
do not exceed their respective maximum values, are calculated as soon as the FBs are 
enabled during a process that is called the initialization process. After the process has 
finished, the reference values are scaled according to the safe values, so that they will 
never cause a turning angle or set speed to exceed their maximum limits. If some attribute 
of a drive unit changes, for instance if the maximum speed limit of a drive unit changes, 
the initialization process needs to be run again. The “force initialization” flags of the set 
value calculation FBs are therefore connected to the corresponding input of the reference 
value calculation FB. This way the set value calculation FB can inform the reference 
value calculation FB, if a new run of the initialization process needs to be done. Please 
note that when using more than one drive unit as in figure 27, the flags need to be logically 
ORed in order to account for the flags of all drive units. The initialization process will be 
explained in detail later. 

In addition to the “force initialization” flag there are two other types of flags, i.e., the 
angle flag and the speed flag. They are used to express if the corresponding value has 
exceeded a limit, i.e., if the set speed goes over the maximum speed limit, the speed flag 
will be true and correspondingly if the turning angle goes over the maximum turning 
angle limit, the angle flag will be true. The speed flag and angle flag are mostly used 
during the initialization process, but are kept in use during normal operation as well. Dur-
ing the initialization process, the angle and speed flags are used to signal the moment 
when either the turning angle or set speed goes over a limit value. During normal opera-
tion, the angle and speed flags are used as a safety precaution, meaning that if for some 
reason the initialization process has failed or the joystick values have been incorrectly 
scaled such that the maximum set values can be exceeded, the flags will signal the refer-
ence value calculation FB to stop changing the reference values, so that the set values do 
not exceed the limits. 

Although the program structure in figure 27 has been drawn for four drive units, the same 
principles applies for a vehicle with n-amount of drive units. If a drive unit were to be 
added to the vehicle with the program structure in figure 27, a set value calculation FB 
would be added with its inputs and outputs connected similarly as for the currently pre-
sented set value calculation functions. The logical OR functions would of course need an 
additional input gate for the flag signals from the added set value calculation FB. The 
structure of figure 27 does therefore support the original requirement of being able to 
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handle an unrestricted amount of drive units. The choice of using the FBD language for 
the interface of the functions and SCL for implementing the internal functionality of the 
FBs is a choice that made the work of this thesis easier and will help the software engi-
neers at Solving to better understand the program structure. The reference value calcula-
tion FB and the set value calculation FB will be explained in detail, in the following sec-
tions. 

4.2 Structure of the Reference Value Calculation FB 

The equations presented in chapter 3 do not as such result in a significant amount of code, 
but non-functional requirements has forced the lines of code (LOC) to be quite large. The 
inputs must be checked for errors before starting the calculations for instance, the FB 
must be able to detect errors during the calculations and the code is written in a style that 
is intuitive for other programmers to read. The reference value calculation FB is presented 
in the form of an activity diagram in figure 28. 

 

Figure 28.  UML activity diagram of the reference value calculation FB. 
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At the beginning of every execution cycle of the reference value calculation FB presented 
in figure 28, the inputs are checked so that they are valid. If the input signals are ok, the 
program continues by defining a few helper parameters that will be used later in the FB 
in the calculations. Assuming the initialization process has finished, the next step is to 
determine the active steering program and normalize the joystick values. If the initializa-
tion process has not finished, the FB will fabricate an active steering program and nor-
malized joystick values. At the end of the FB, before setting the outputs, the x- and y-
coordinates of the ICR as well as the reference velocity and angular velocity are calcu-
lated. In case of a high flag, the reference values are fixed at safe values until the reference 
values change, so that it results in a smaller turning angle or set speed of the wheels.  

There are three ways to end the execution of the FB. If there is an error in the inputs or a 
serious error during the rest of the execution, it is terminated immediately. When the 
execution is terminated like this, the vehicle is set in idle mode with all turning angles 
and set speeds at zero and the ENO output is set false as explained earlier. If there are no 
errors in the inputs nor during the execution, the execution is ended normally, which is 
the third way to end the execution. The outputs are then set to the values, calculated during 
the execution. 

If the programmer needs to change the SCL code of the FB, to implement a custom steer-
ing configuration for instance, the only parts of the code that should need editing is the 
determination of the active steering program and the normalization of the joystick values. 
Although the normalization of the joystick values for the built-in steering configurations 
is quite similar for all steering configurations, the possibility of other normalized values 
for other steering configurations have been made possible. The SCL code has been de-
signed such that the programmer can easily find where to insert the code for custom steer-
ing configurations. In the following subsections each part of the reference value calcula-
tion FB, presented in figure 28 are explained. 

4.2.1 Input Checks 

The purpose of the input checks is to terminate the execution of the FB immediately, if 
there is an error in the inputs. If both the digital outputs LEFT and RIGHT are true on one 
of the joysticks for instance, it will be impossible to determine the active steering pro-
gram. The execution must therefore be terminated immediately at that moment. Another 
important check that is done is the vehicle dimensions. The distance between the vehicle 
center and the front and rear axis in both lengthwise and crosswise directions are for in-
stance checked so that they are less than 1 km, i.e., a value that would result in an unre-
alistically large vehicle. 
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4.2.2 Parameter Definitions 

In the beginning of the programming phase of this thesis, it was noticed that the calcula-
tions required parameters that were to be used at several different stages in the code. 
These types of parameters are therefore calculated at the beginning of the FB, instead of 
always calculating them at the place, where they are used. These types of parameters are 
the position of the vehicle front for instance, which by default is at the front of the vehicle, 
but in crosswise mode it is located at the right side of the vehicle. 

One particular parameter that was found especially useful, because the digital directions 
of a joystick were found difficult to work with in some situations, is the cardinal direction 
of a joystick. The cardinal directions are also safer to work with, because one cardinal 
direction include all the digital directions. When a joystick is pointing to the upper right 
corner for instance, the cardinal direction is northeast (NE), which means that all four 
digital joystick outputs have been checked such that the RIGHT and UP values are true 
and the LEFT and DOWN values are false. If the digital values would be used, the NE 
direction can be checked by checking only the UP and RIGHT values of the digital direc-
tions, which means that there may be an undetected error if for instance the LEFT or 
DOWN value is true as well. The translation from the digital joystick readings to cardinal 
points is presented in table 2, 

Table 2.  Conversion from digital joystick readings to cardinal direction. 

Cardinal point UP RIGHT DOWN LEFT 
N TRUE FALSE FALSE FALSE 
NE TRUE TRUE FALSE FALSE 
E FALSE TRUE FALSE FALSE 
SE FALSE TRUE TRUE FALSE 
S FALSE FALSE TRUE FALSE 
SW FALSE FALSE TRUE TRUE 
W FALSE FALSE FALSE TRUE 
NW TRUE FALSE FALSE TRUE 

 

where each cardinal direction, i.e., north (N), northeast (NE), east (E), southeast (SE), 
south (S), southwest (SW), west (W) and northwest (NW) should be familiar from other 
context. The cardinal directions will not be further illustrated here, because they should 
be quite a familiar concept to most people. The cardinal points made the next step of the 
FB much easier and reduces the amount of LOC significantly. 

4.2.3 Determination of Active Steering Program 

Steering programs are activated or deactivated according to a look-up-table (LUT). The 
LUT is built differently depending on which steering configuration is used. In the steering 
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configuration, where the steering programs are activated or deactivated with a switch, 
each steering program has a corresponding Boolean value. If the Boolean value is true, 
the corresponding steering program is set active. Note that only one Boolean value at a 
time can be true. In that case the LUT is quite simple, each Boolean value results in the 
corresponding steering program getting active. In the rest of the steering programs the 
LUT is built of the cardinal points of the joysticks. The LUT of the default steering con-
figuration is presented in table 3. 

Table 3. Illustration of how the direction of the vehicle movement and steering pro-
gram is determined based on the cardinal directions of the joysticks in the default 

steering configuration. 

Left joystick Right joystick Direction of vehicle Steering program 
IDLE, N, S IDLE NONE IDLE 
IDLE, N, S N forward Crabwise 
N, NW, W, SW, S W NONE Crabwise 
N, NE, E, SE, S E NONE Crabwise 
N, NW, W, SW, S NW forward Crabwise 
N, NE, E, SE, S NE forward Crabwise 
IDLE, N, S S backward Crabwise 
N, NW, W, SW, S SW backward Crabwise 
N, NE, E, SE, S SE backward Crabwise 
ALL except N,S IDLE NONE Front wheel steering 
ALL except N,S N forward Front wheel steering 
ALL except N,S S backward Front wheel steering 
IDLE W, NW, N, NE, E forward Rear wheel steering 
IDLE SW, S, SE backward Rear wheel steering 
NW, W, SW E NONE Counter-phase  
NE, E, SE W NONE Counter-phase  
NW, W, SW NE forward Counter-phase  
NE, E, SE NW forward Counter-phase  
NW, W, SW SE backward Counter-phase  
NE, E, SE SW backward Counter-phase  

Rotation mode is turned on with a switch 
- S CW Rotation 
- N CCW Rotation 

Differential drive mode is turned on with another switch 
 

According to table 3, rotation mode and differential drive mode are indeed turned on or 
off with switches as stated in chapter 3. The conversion from the joystick outputs to active 
steering program has also been specified in more detail as in chapter 3. If the right joystick 
is idle for instance and the left joystick is pointing either left or right, the front wheel 
steering program is activated by default and a steering program called “IDLE” has been 
added to express the state when all the turning angles and set speeds are zero. 
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In any programming language a table can be converted to a bunch of if-statements, which 
has naturally been done also in this thesis. Each if-statement in the code correspond to a 
row in the table. The rotation mode and differential drive mode are handled first, because 
they are controlled with switches. Otherwise the if-statements follow the order of the ta-
ble. Note that the active steering program is need to know for calculating the position of 
the ICR and reference velocity as was shown in chapter 3. 

4.2.4 Normalization of Analog Joystick Readings 

The normalization of the analog joystick readings is a simple process of linear adjustment. 
In this case it is the analog joystick values that are converted to a desired heading and 
speed according to the equations in chapter 3. Even though the normalization stage is 
quite similar in all the built-in steering configurations, an open “CASE”-structure has 
been made to keep the possibility of making custom normalizations.  

In the default steering configuration, the desired speed in all steering programs except 
differential drive mode is gotten from the vertical analog value of the right joystick. In 
the differential drive mode, the desired speed is instead gotten from a combination of the 
vertical analog values of both joysticks. The desired heading on the other hand, is gotten 
from the horizontal analog value of the left or right joystick. The horizontal analog value 
of the right joystick is used in rear wheel steering and the horizontal analog value of the 
left joystick in the other steering programs.  

In the steering configuration that uses switches for changing steering programs, the hori-
zontal analog value of the left joystick is always used for the desired heading and the 
vertical analog value of the right joystick is always used for the desired speed. Although 
the built-in steering configurations use the vertical and horizontal analog values in the 
normalization, the “CASE”-structure enable the software engineer using the FBs to use 
whatever value for calculating the desired speed and heading. The phase or magnitude of 
the analog joystick values could for instance be used instead of the direct analog values. 

4.2.5 Initialization Process 

The purpose of the initialization process is to find the normalization constants or more 
specifically the maxα and maxref values that are used in the normalization step. The ini-
tialization process runs every time the reference value calculation FB is enabled or when 
the initialization is forced by the “force init”-input of the reference value calculation FB. 
During the initialization process, the turning angles and set speeds are modified only vir-
tually, i.e., the turning angles and set speeds are physically fixed at zero, although the 
values in the program are something else. The idea is to increase and decrease the turning 
angles and set speeds until the angle flags and speed flags become true. This way the 
maximum values for the desired heading and desired speed can be found. The initializa-
tion process works as the state machine presented in figure 29. 
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Figure 29.  UML state chart diagram of the initialization process. 

As mentioned before, in order for the rest of the reference value calculation FB to work, 
the initialization process must fabricate an active steering program, a desired heading and 
a desired speed. The desired speed and heading are initialized as zero, while the active 
steering program is set instantly at the first state, “activate steering program”. The steering 
program that is activated depends on what steering programs are enabled. If rotation mode 
or differential drive mode is enabled and is turned on using the switches on the remote 
controller, one of them are activated. It is important to remember that only one of either 
rotation mode or differential drive mode can be activated at once. If neither of rotation 
mode or differential drive mode is enabled, either counter-phase, front wheel, rear wheel 
or crabwise steering program is activated. When the rotation mode or differential drive 
mode is activated, the initialization process needs to run only for that particular steering 
program, because the operator has specifically chosen to drive in only that steering pro-
gram at that time. If any other steering program is selected, the initialization process may 
have to run a second time after completion of the first activated steering program. Con-
sider for instance the characteristics of the desired heading during crabwise steering and 
front wheel steering. The same heading may cause a steeper turning angle during front 
wheel steering than during crabwise steering. It is therefore enough if the initialization 
process is run only for the front wheel steering. If however rear wheel steering is enabled 
as well, the initialization process needs to be run for that steering program too, because 
rear wheel steering might have a smaller maximum allowed desired heading than front 
wheel steering, due to the possibility of asymmetric layout of the wheels. At the end of 
the “activate steering program”-state, the desired heading is set to the resolution of the 
desired heading and the desired speed is set to the resolution of the desired speed. If the 
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activated steering program was rotation mode or differential drive mode the next state is 
“increase desired speed” otherwise the next state is “increase desired heading”. 

During the “increase desired heading”-state the desired heading is increased until an angle 
flag is raised. As soon as a flag is raised, the previous desired heading is saved as a safe 
value of the desired heading and the state is changed to “compare safe headings”, where 
the recently saved safe value is compared to previously saved safe values. If the recently 
saved safe value is smaller than the previously saved values, it will be used as the nor-
malization constant maxα. After the comparison of the newly derived safe value and old 
safe values, the heading is reset and decreased gradually in the state “decrease desired 
heading”. Practically, the vehicle turns to the left instead of right as it did in the state 
“increase desired heading”. Again when an angle flag is raised, the state is changed to 
“compare safe headings” just as it was when an angle flag got raised during “increase 
desired heading”. When both the safe desired headings derived in “increase desired head-
ing” and “decrease desired heading” have been compared in the state “compare safe head-
ings”, the state is changed to “activate steering program” if there still are steering pro-
grams that need to be run through the initialization process and “increase speed” if all 
necessary steering programs have already been run through the initialization process. 

During the “increase desired speed”-state, the desired speed is increased in the crabwise 
mode with all turning angles fixed at zero, until a speed flag is raised. When a flag is 
raised, the previous desired speed is saved as safe and the state is changed to “compare 
safe speeds”, where the saved safe speed is set as the normalization constant maxref. After 
the “compare safe speeds”-state, the initialization process has finished.  

There are several different scenarios, in which the initialization process can fail. If for 
instance all steering programs are disabled, the “activate steering program”-state will fail. 
In that case, the state of the initialization process is stuck at “activate steering program” 
until the error is fixed, i.e., a steering program is enabled. When an error is corrected, the 
initialization process starts over. Upon normal completion of the initialization process, 
the calculated normalization constants scale the desired heading and speed such that the 
reference values will not cause any of the wheels to exceed their corresponding maximum 
speeds or turning angles. 

4.2.6 Calculation of the Position of the ICR, Reference Velocity 
and Angular Velocity 

The calculation of the location of the ICR, reference velocity and angular velocity is done 
using the equations derived in chapter 3. Which equations that are used, depend on which 
steering program is active at the time. The process is quite straight forward and can be 
best understood by carefully studying the equations in chapter 3. 
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4.2.7 Handling Raised Flags 

If the initialization process has not ended as expected, there is a chance that a wheel may 
exceed either the maximum allowed turning angle or maximum allowed set speed. To 
prevent that from happening, the reference value calculation FB will stop changing the 
reference values such that it may increase the turning angle or set speed when the corre-
sponding flag is raised. 

As soon as a flag is raised the current desired heading or speed is saved as safe. If the 
angle flag is high, the current desired heading is saved as safe and if the speed flag is high 
the current desired speed is saved as safe. The principle for both the desired heading and 
speed is the same. As long as the angle flag is high, the desired heading will be fixed at 
the safe value despite the analog values coming from the joysticks try to increase the 
turning angles. When the analog joystick values finally would cause the turning angles to 
decrease, the desired heading is released from the fixed safe desired heading. 

As long as the steering program does not change during a high flag, the situation is han-
dled quite straight forward as explained just above. If the steering program however 
changes while a flag is high, things are a bit more complicated. The safe desired speed 
and heading can be something different in one steering program than in another steering 
program. The calculated desired speed and heading are therefore saved as set points at 
the moment when a steering program changes while a flag is high. The normal equations 
used in the normalization of the joystick values are skipped and the desired heading or 
speed is increased gradually by 10 % at every cycle until the set points are reached. This 
way the gradual increase will reset the flags and recreate the correct safe desired speed 
and heading for the steering program that has recently been activated. 

4.2.8 Setting Outputs 

If the execution of the reference value calculation FB has proceeded all the way to the 
step where the outputs are set, the preceding calculations has succeeded without errors. 
Before setting the outputs, it is important that the reference values are checked for invalid 
values such as infinity or NaN. The “REAL”-type variable in the Siemens STEP 7 (TIA 
Portal) programming environment is a single-precision floating point number following 
the IEEE754 standard. The invalid values in the standard are presented in table 4, 

Table 4. Invalid values in the single-precision IEEE754 standard. 

+∞ 0 111 1111 1000 0000 0000 0000 0000 0000 
-∞ 1 111 1111 1000 0000 0000 0000 0000 0000 
NaN 0 111 1111 1XXX XXXX XXXX XXXX XXXX XXXX 
NaN 1 111 1111 1XXX XXXX XXXX XXXX XXXX XXXX 

 



54 

where X is either 0 or 1, but all X’s cannot be 0. Looking at the values in table 4, it can 
be seen that all invalid values have one thing in common. The bits 1-8 all have the value 
“1”, which means there is an opportunity to check for all invalid values at once. The 
process works as follows: The variable of type “REAL” is converted to “DWORD”, after 
which it is ANDed with the value 0 111 1111 1000 0000 0000 0000 0000 0000. If the 
result of the AND operation is 0 111 1111 1000 0000 0000 0000 0000 0000, it means that 
the value of the “REAL”-type variable is invalid. 

Although checking for invalid values is a very important step that needs to be done before 
finally setting the outputs, it is in the end supposed to function just as a safety precaution. 
It should never come to that, that a reference value is invalid. The reference value calcu-
lation FB is designed such that invalid values should not be possible in normal operation. 
The size of the vehicle is for instance checked already at the input checks step and all 
divisions by zero are checked and handled at the places where such may occur. If there 
for some reason however is an invalid value in the reference values, the vehicle is set in 
idle mode to prevent damaging the drive and steer motors. 

4.3 Structure of the Set Value Calculation FB 

The set value calculation FB has intentionally been made much shorter than the reference 
value calculation FB, in order to achieve a more optimal program structure. Because the 
main idea of the program structure is to use only one reference value calculation FB and 
an unrestricted amount of set value calculation FBs, it is reasonable to do the heavy cal-
culations only once in the reference value calculation FB and do only the very essential 
calculations in the set value calculation FBs. This way the program structure produces the 
least possible load on the processing unit in the PLC.  

The main task of the set value calculation FB is to calculate the set speed and turning 
angle of a single wheel positioned anywhere in a Cartesian coordinate system. The struc-
ture of the FB is in general quite similar as the reference value calculation FB as can be 
seen in figure 30. 
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Figure 30.  UML activity diagram of the set value calculation FB. 

Just as in the reference value calculation FB, the set value calculation FB starts with 
checking the inputs for errors. If there is an error in the inputs such as the x-coordinate of 
the wheel is unrealistically large etc. the execution of the FB is terminated immediately. 
In addition to errors detected during the input checks, the set value calculation FB is ter-
minated immediately if there is a serious error during the execution of the rest of the FB 
just as in the reference value calculation FB. The “Setting Outputs” step is also quite 
similar in the set value calculation FB as in reference value calculation FB. Therefore, the 
input check and setting outputs steps won’t be handled here a second time. The main part 
of the set value calculation FB is the “Calculations” step, which is explained in the next 
section. 

4.3.1 Calculations 

The calculations step is divided into five different sections according to the active steering 
program. When idle steering program is active, the set speed and turning angle is fixed at 
zero. In the rest of the steering programs the calculations are done according to the equa-
tions derived in chapter 3. In addition to the equations presented in chapter 3 some intel-
ligence has been added to the FB. If the rotation mode steering program is active and the 
turning angle exceeds either the maximum positive or negative limit of the turning angle, 
180° is added or subtracted from the turning angle and the speed is negated to test if that 
turning angle would be possible instead for instance. If that angle however also exceeds 
one of the limits, the rotation mode is clearly not possible. 

After using the equations presented in chapter 3, the range of the turning angle in some 
of the steering programs is [-90°, 90°] although the turning angle should be outside that 
range. The reason is that the tan-1 function is defined in that range. The calculated turning 
angle can however be corrected by comparing the sign of the heading to the sign of the 
calculated turning angle. Therefore if for instance the calculated turning angle is -50°, 
while the direction of the heading is positive, 180° must be added to the calculated value 
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after which the correct turning angle, i.e., 130° is gotten. After the correct turning angle 
has finally been derived, the turning angle and set speed is checked, so that they don’t 
exceed the limiting values. If they do, the corresponding flag is raised. If they don’t, the 
flags remain low. 

The set speed and turning angle that are outputted from the set value calculation FBs are 
forwarded to be handled in other parts of the software in the vehicle not made in this 
thesis. 

4.4 Proof of Concept with Simulink Simulations 

Because the vehicles that the program structure will be implemented in will be handling 
loads of several hundred tons, it is important that the program structure is well tested 
before used in a real vehicle. During the first steps of this thesis, the physical equipment 
was not available, thus it was decided to do the first tests in a virtual environment. After 
completion of this thesis it may be stated that the simulations done in the virtual environ-
ment were highly useful and that errors found during that stage may not have been found 
as easily with the physical equipment. 

The first simulations that were done, where simple MATLAB animations, but soon it was 
noticed that animations were not quite enough for testing all the desired features of the 
program structure. It was found out that Xbox 360 controllers can easily be connected to 
a PC (Personal Computer) and Simulink. Following that path the simulation environment 
was created in Simulink. The created Simulink model is presented in figure 31. The pur-
pose of the figure is not to display all variable names and minor details, but to show how 
the presented block structure was implemented in the virtual environment. 
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Figure 31. Simulink model of the simulated program structure. 
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On the left side of the Simulink model is a block that reads the values coming from the 
Xbox controller. The reference value calculation FB is located approximately in the mid-
dle getting its inputs from the Xbox controller. The reference values are divided to four 
set value calculation FBs, which means that the simulated vehicle is a four-wheel vehicle. 
The set values calculated by the four set value calculation FBs are further sent to a virtual 
world sink. The analog joystick values are also sent to the virtual reality sink to express 
the joystick positions. The virtual world connected to the virtual world sink in the Sim-
ulink model was created using the V-Realm Builder v2.0, which is a MATLAB extension. 
The virtual world created in the V-Realm Builder is presented in figure 32. 

 

Figure 32.  Virtual world created in V-Realm Builder. The Virtual Reality Modeling 
Language (VRML) can be seen in section 1, the virtual world in section 2 and the 

transcript pane in section 3. 

The virtual world consists of the four-wheel vehicle and two joysticks. The vehicle frame 
is the red rectangle in section 2 in figure 32, while the wheels are drawn as yellow cylin-
ders at each corner of the vehicle frame. The virtual world is created in the V-Realm 
Builder using the Virtual Reality Modelling Language (VRML) that can be seen in the 
left pane, section 1 of the window in figure 32. The joysticks and the wheels are trans-
form-type objects, which means that the position, orientation and other attributes related 
to the object can be modified. The basic attributes of the object can be set to a default by 
adding children to the transform object. Each wheel has for instance a shape-type child 
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with the geometry of a cylinder, which can also be seen by carefully studying the left 
pane in section 1 of figure 32. The attribute of the wheels that is modified in the Simulink 
model is the rotation about the z-axis. The purpose of this section is not to pursue the 
details of the VRML, the important thing to understand here is that the signals in the 
Simulink model connected to the virtual reality sink can be used to control a few attributes 
of the transform objects in the virtual world. The Simulink model and the virtual world 
during a running simulation is presented in figure 33. 

 

Figure 33.  Running simulation. 1: Simulation time, 2: Virtual world, 3: Virtual 
model of the joysticks on the Xbox controller. 

As can be seen in figure 33, the simulation time of these types of simulations is usually 
set to infinity, which means that the simulation will run until it’s stopped. In the particular 
captured situation presented in figure 33, the four-wheel vehicle is turning in the counter-
phase manner. The left joystick is pointing to the left, i.e., the cardinal direction W and 
the cardinal direction of the right joystick is NE. These types of tests were done to visually 
confirm that the position of the joysticks activated the correct steering program and that 
the relationship between the turning angles between each wheel seemed to follow the 
mathematical equations derived in chapter 3. 

The Simulink model, although a very important part of the development of this thesis, 
was in the end just a primitive version of the final program structure. Several features 
could unfortunately not be tested properly in the virtual model. Therefore the details of 
the Simulink model is left a bit vague, to avoid emphasizing the importance of the simu-
lations. The Simulink model served merely as a proof of concept of the program structure, 
while the most important tests, confirming the requirements were done in the final pro-
gramming environment, namely Siemens STEP 7 (TIA Portal). 
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5. TEST RESULTS 

The main goal of this thesis was always to build a program structure that would be tested 
and ready to use in Solving’s products after the completion of the thesis. Tests with the 
real physical equipment were therefore done in addition to the tests in the virtual environ-
ment. To ensure that the programming style and structure overall fulfills the requirements 
given by Solving, the Siemens programming guideline and styleguide (Siemens 2017) 
were followed during the entire programming phase of this thesis. The guideline and the 
styleguide has recently been adopted by Solving to create better consistency between Sie-
mens programs. When all software engineers follow the same style and program structure, 
it’s easier to understand one another’s code and the program is much more reliable, 
mainly because there are several ways of doing things in the Siemens environment and 
the best approaches have been presented by Siemens themselves in the guideline and 
styleguide. From the viewpoint of the management at Solving it is beneficial if all soft-
ware engineers use the same style and program structure, because it is then easier to 
change the responsible software engineer on a project. 

The testing with the physical equipment of this thesis can be divided into three parts. In 
the first part, the equations derived in chapter 3 were tested as such in an electric modular 
transporter that was made for the train industry. In the second part, the program structure 
presented in chapter 4 was implemented in Siemens STEP 7 (TIA Portal) and tested with 
the simulation tools. Finally in the third part, the new program structure was implemented 
in the software of the Solving air film movers. All the tests were successful and in some 
cases the response of the program structure was even better than expected. 

5.1 Testing the Concept in an Electric Modular Transporter 
Made for the Train Industry 

In the beginning of the programming phase of this thesis, Solving was conveniently de-
veloping a new type of electric modular transporter for the train industry. The vehicle was 
intended mostly for demonstrational purposes, which made it a perfect test subject for the 
new stuff developed in this thesis. The vehicle is equipped with two drive units, one front 
drive unit and a rear drive unit. Both drive units are equipped with a steer and a drive 
motor. The drive units were positioned on the left side of the vehicle center and displaced 
a bit in relation to one another. The bottom view of the vehicle is presented in figure 34. 
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Figure 34.  Bottom view of Solving electric modular transporter for the train indus-
try. A: Front and rear drive unit, B: Swivel wheels, C: Air bearings. 

The bottom view of the vehicle in figure 34 was particularly chosen in order to show all 
the wheels on the vehicle. This way it can be seen that the vehicle has four air bearings, 
two swivel wheels and two drive units. As mentioned earlier Solving did not before this 
thesis have a structure for calculating the speeds and turning angles for the wheels on 
vehicles such as the one presented in figure 34. The problem is the horizontal displace-
ment between the wheels. The equations presented in chapter 3 should and did however 
overcome this challenge. 

Once again, just to be clear, the program structure presented in chapter 4 was not imple-
mented in the vehicle presented in figure 34. Because the vehicle is merely intended for 
demonstrational purposes and the load handling capacity of the vehicle is quite low, the 
requirements on the program were much lower on this vehicle than on the final program 
structure. Only three different steering programs, i.e., counter-phase steering, crabwise 
steering and differential drive mode were implemented on the vehicle. During the coun-
ter-phase and crabwise steering programs, the range of the turning angle of each wheel 
was set to about [-30°, 30°], while the turning angle during differential drive mode is 
fixed at +90°. Because the range of the turning angle is quite narrow there was no need 
to handle exceptions that happen when the turning angle goes outside the range [-90°, 
90°], which is another factor that simplified the structure of the program. 

The steering configuration, i.e., how the steering programs are changed was also made 
different in the vehicle presented in this section than in the final program structure. Be-
cause only three different steering programs were implemented, it was logical to make a 
custom steering configuration. The counter-phase steering program is active by default, 
meaning that as long as the right joystick does not have a horizontal direction, the counter-
phase steering program is active. If the horizontal direction of the left and right joystick 
is the same, the crabwise steering program is activated. The differential drive mode on 
the other hand is activated by a switch on the remote controller. By turning the switch, 
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the wheels turn from 0° to +90°, after which the speed of the rear wheel is controlled with 
the right joystick and the speed of the front wheel is controlled with the left joystick. 

The tests proved that the turning angle and speed of the front and rear wheel behaved 
exactly as expected. The response of the joystick movements were even perhaps better 
than expected at first. Meaning that the delay between the joystick movement and the 
actual response, i.e., acceleration or turning of the vehicle was much smaller than initially 
expected.  

5.2 Presentation of Function Blocks and Simulations done in 
Siemens STEP 7 (TIA Portal) 

After the program structure presented in chapter 4 had been tested in a neutral environ-
ment, i.e., Simulink and it had been verified that it indeed is possible to do calculations 
as the ones presented in chapter 3 in the Siemens STEP 7 (TIA Portal) environment, it 
was quite clear that the next step would be to implement and test the actual program 
structure in the Siemens environment. During the testing of the vehicle presented in the 
previous section it was noticed that there are several factors not related to the results of 
this thesis that have a disturbing effect on the behavior of the vehicle. The controllers 
following the set value calculation for instance, cause a certain inevitable slowness. Be-
cause of such disturbances, the program structure was at first tested only with the Siemens 
S7-PLCSIM (TIA Portal) simulation tool. This way the test results were not subject to 
disturbances caused by factors not related to the new program structure. 

5.2.1 Reference Value Calculation FB 

The final program structure consisting of the two different types of FBs will be presented 
in the following paragraphs. The reference value calculation FB is presented first of the 
two types. The reference value calculation FB presented in figure 35 should look familiar 
as the general block structure was already presented in chapter 4. 
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Figure 35.  Reference value calculation FB. 

In order to compress the size and clarify the interface of the reference value calculation 
FB, PLC data types has been used for the inputs and outputs of the FB. The PLC data 
type resemble the old “Struct”- data type, where several different variables can be saved 
under the same data type. Structs are still available in Siemens PLC programming lan-
guages, but nowadays it is recommended to use PLC data types instead, because they are 
more addressable for changes. The benefits of using PLC data types should be quite ob-
vious. There is no need for the software engineer using the FB to know what all different 
parameters included in the “referenceValues”-variable are for instance. All inputs and 
outputs of the “ReferenceValueCalculation” FB are listed below: 

steeringConfiguration 
Type: Int 
Determines the way at which a steering program is changed. 0 is the default steering 
configuration used in Solving air film movers today. 1 is a modified version of the default 
configuration, where the turning angle is not negated when the moving direction of the 
vehicle changes unlike the behaviour in the default configuration. The steering configu-
ration 2 uses the Boolean values defined in the input “optionalSwitchforSteeringPor-
grams” to activate/deactivate steering programs. All integers higher than 2 have been re-
served for custom steering configurations that can be made by skilled software engineers, 
due to the “CASE”-structure done in the internal SCL code of the FB. 
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RCSignals 
Type: “RemoteControllerSignals” (PLC data type) 
A PLC data type containing the value of the maximum analog joystick reading, the analog 
and digital joystick values and Boolean values corresponding to the position of the 
switches for crosswise mode, rotation mode and differential drive mode on the remote 
controller. 
 
enabledPrograms 
Type: “EnabledPrograms” (PLC data type) 
A PLC data type containing all the steering programs and the crosswise mode. A steering 
program or the crosswise mode is enabled when the corresponding value is true. 
 
optionalSwitchforSteeringPrograms 
Type: “SteeringPrograms” (PLC data type) 
Input used in steering configuration 2 for activating/deactivating steering programs. 
 
maxVehicleSpeed[mm/s] 
Type: Real 
The maximum desired vehicle speed. The maximum speed is determined in a situation 
where the vehicle is moving straight and all the points fixed to the vehicle body have the 
same speed. 
 
largestYCoordinate[mm] 
Type: Real 
The largest y-coordinate of all the wheel planes. This is in other words the distance be-
tween the front axis and the vehicle center when the vehicle is driving in the lengthwise 
direction. 
 
smallestYCoordinate[mm] 
Type: Real 
The smallest y-coordinate of all the wheel planes. This is in other words the distance 
between the rear axis and the vehicle center when the vehicle is driving in the lengthwise 
direction. 
 
largestXCoordinate[mm] 
Type: Real 
The largest x-coordinate of all the wheel planes. This is in other words the distance be-
tween the front axis and the vehicle center when the vehicle is driving in the crosswise 
direction. 
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smallestXCoordinate[mm] 
Type: Real 
The smallest x-coordinate of all the wheel planes. This is in other words the distance 
between the rear axis and the vehicle center when the vehicle is driving in the crosswise 
direction. 
 
forceInit 
Type: Bool 
Input for the “forceInitialization” signal coming from the set value calculation FBs. Please 
note that if there are several set value calculation FBs, the “forceInitialization” signals 
from all the set value calculation FBs must be logically ORed as shown in chapter 4. 
 
speedFlagFromDriveUnits 
Type: Bool 
Input for the “speedFlag” signal coming from the set value calculation FBs. Please note 
that if there are several set value calculation FBs the “speedFlag” signals from all the set 
value calculation FBs must be logically ORed as shown in chapter 4. 
 
angleFlagFromDriveUnits 
Type: Bool 
Input for the “angleFlag” signal coming from the set value calculation FBs. Please note 
that if there are several set value calculation FBs the “angleFlag” signals from all the set 
value calculation FBs must be logically ORed as shown in chapter 4. 
 
referenceValues 
Type: “ReferenceValues” (PLC data type) 
The reference values needed in the set value calculation FBs. The parameters of the “Ref-
erenceValues” PLC data type are listed in table 5. 
 
 
 
 
 
 
 
 
 
 
 
 



66 

Table 5. Parameters in the “ReferenceValues” PLC data type. 

Signal Type Comment 
initialization Bool true = initialization process is running 
activeSteeringProgram "SteeringPrograms" Indicates what steering program is active 
    idle Bool steering program 
    crabwise Bool steering program 
    frontWheelSteering Bool steering program 
    rearWheelSteering Bool steering program 
    counterphaseSteering Bool steering program 
    rotationMode Bool steering program 
    differentialDrive Bool steering program 
crosswiseEN Bool true = crosswise mode is activated 
headingFront Real Heading of the vehicle front 
headingMid Real Heading of the vehicle mid 
headingRear Real Heading of the vehicle rear 
xCoordinateOfICR Real x-coordinate of the ICR 
yCoordinateOfICR Real y-coordinate of the ICR 
refAngularVelocity Real The angular velocity of the vehicle  
refSpeed Real The speed of the vehicle center 

 
The “referenceValues” output must be connected to the corresponding inputs of the set 
value calculation FBs in order for the block structure to work. 
 
movingDirection 
Type: String 
For debugging purposes only. The value of this parameter will be either “FORWARD”, 
“BACKWARD” or “NONE”. 
 
activeSteeringProgram 
Type: String 
For debugging purposes only. The active steering program in String-form. 
 
Error 
Type: Bool 
Expressing if there was an error during the execution of the FB. (true = error, false = ok). 
 
ErrorInfo 
Type: Int 
0 if everything is ok. If there is an error, this output will have the value of one of the error 
codes presented in appendix A. 
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The PLC data types reduce the size of the FB significantly. The “RemoteControllerSig-
nals”-PLC data type does for instance contain all the essential signals such as the analog 
and digital joystick signals and the Boolean values expressing the position of a few of the 
switches on the remote controller. The name of all the inputs and outputs follow according 
to the aforementioned styleguide camel case notation. Meaning that the first letter in the 
variable name is written in small casing and if the variable consist of several words the 
first letter of all the following words are written in capital casing. 

If there is an error in the inputs or an error occur during the calculations done in the 
reference value calculation FB, the FB needs to inform the user about the error. The error 
procedure is quite simple. If there is an error, the “Error”-output is set true and an error 
code is displayed in the “ErrorInfo”-output. The error codes for the reference value cal-
culation FB are presented in appendix A. The main idea of the error codes is that the 
higher the value of the error code, the more serious the error is. The error 1102 is for 
instance used just to inform the user that it is not possible to activate front wheel steering 
because it is disabled, while the error code 5230, with a much higher value than 1102, is 
a sign of invalid reference speed.  

5.2.2 Set Value Calculation FB 

Although the function of the reference value calculation FB and set value calculation FB 
are completely different, some basic features have been tried to keep consistent between 
the two FBs. A Boolean error output and an output for the error code has been used in the 
set value calculation FB just as in the reference value calculation FB. The “Reference-
Values”- PLC data type that was presented as one of the outputs of the reference value 
calculation FB has of course also been used for the reference value input of the set value 
calculation FB. The set value calculation FB is presented in figure 36. 

 

Figure 36.  Set value calculation FB. 

 



68 

Remember that the recommendation is to connect the ENO output of the reference value 
calculation FB to the EN input of the set value calculation FBs. This way the reference 
value calculation FB will enable the set value calculation FBs and if there is a serious 
error in the reference value calculation FB, the ENO output will turn false, which on the 
other hand leads to that all set value calculation FBs will get disabled. Just as the inputs 
and outputs of the reference value calculation FB were presented earlier, the inputs and 
outputs of the “DriveUnitSetValueCalculation” FB are listed below: 

references 
Type: “ReferenceValues” (PLC data type) 
Input for the reference values coming from the “ReferenceValueCalculation” FB. See 
section 5.2.1 for a more detailed description. 
 
type 
Type: Int 
Type of the drive unit corresponding to the wheel plane. 0 = S/D (Steer/Drive), 1 = S, 2 
= D. If the type is S, the “setSpeed[mm/s]” will be fixed at 0 and if the type is D, the 
“turningAngle[deg]” will be fixed at 0. 
 
xCoordinate[mm] 
Type: Real 
The x-coordinate of the wheel plane. 
 
yCoordinate[mm] 
Type: Real 
The y-coordinate of the wheel plane. 
 
maxSpeed[mm/s] 
Type: Real 
Maximum allowed speed of the wheel plane. After a successful run of the initialization 
process, the maximum allowed speed of a wheel plane should never be exceeded. 
 
maxPositiveTurningAngle[deg] 
Type: Real 
Maximum allowed turning angle in the positive direction, i.e., to the right, clockwise di-
rection. 
 
maxNegativeTurningAngle[deg] 
Type: Real 
Maximum allowed turning angle in the negative direction, i.e., to the left or counter clock-
wise direction. Please note that the sign of this input is often negative. 
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offsetAngle[deg] 
Type: Real 
This value will be added to the “turningAngle[deg]” output. Can be useful if it is desired 
to drive the vehicle in a diagonal manner. 
 
forceInitialization 
Type: Bool 
If this output becomes true, a new run of the initialization process must be done. This 
output is to be connected to the “forceInit” input of the “ReferenceValueCalculation” FB. 
 
turningAngle[deg] 
Type: Real 
The calculated set value of the turning angle to the wheel plane with the coordinates 
[xCoordinate[mm], yCoordinate[mm]]. 
 
setSpeed[mm/s] 
Type: Real 
The calculated set speed to the wheel plane with the coordinates [xCoordinate[mm], 
yCoordinate[mm]]. 
 
speedFlag 
Type: Bool 
If this output becomes true it means that the “setSpeed[mm/s]” output is exceeding the 
maximum allowed speed in either the positive or negative direction. This output is to be 
connected to the “speedFlagFromDriveUnits” input of the “ReferenceValueCalculation” 
FB. 
 
angleFlag 
Type: Bool 
If this output becomes true it means that the “turningAngle[deg]” output is exceeding the 
maximum allowed turning angle in either the positive or negative direction. This output 
is to be connected to the “angleFlagFromDriveUnits” input of the “ReferenceValueCal-
culation” FB. 
 
Error 
Type: Bool 
Expressing if there was an error during the execution of the FB. (true = error, false = ok). 
 
ErrorInfo 
Type: Int 
0 if everything is ok. If there is an error, this output will have the value of one of the error 
codes presented in appendix B. 
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One interesting choice that has been made, is the unit of all angles. It was decided to use 
degrees for all visible angles as those are much more intuitive than radians to comprehend, 
while the FB must internally use radians in order for the trigonometric functions in SCL 
to work. 

The most essential result of the program structure as a whole is of course the “turn-
ingAngle[deg]” and “setSpeed[mm/s]” outputs of the set value calculation FBs. Those 
outputs are used later in subsequent parts of the vehicle software that are not done in this 
thesis. Remember also that the purpose of the three flags, i.e., “forceInitialization”, 
“speedFlag” and “angleFlag” is to inform the reference value calculation FB when to lock 
the value of the reference values, which is why these outputs must be fed back to the 
reference value calculation FB. Although one of the outputs of the set value calculation 
FB is “ErrorInfo”, just as one of the outputs of the reference value calculation FB, these 
outputs differ from one another. The main idea is the same, i.e., the higher the value of 
the error code, the more serious error, but the purpose is different. The meaning of the set 
value calculation FB error codes are presented in appendix B. 

5.2.3 Simulations in Siemens PLCSIM 

A variable amount of set value calculation FBs and a reference value calculation FB were 
used to create different types of vehicles to simulate and test the program structure as 
much as possible before implementing it in a real vehicle. Particularly four, five, seven, 
ten and twelve wheeled vehicles, but also other types of vehicles were simulated. With 
symmetrical wheel layouts, it was easy to verify the operational requirements simply be-
cause there are wheels that will have the same set speeds and turning angles when the 
layout is symmetrical. Asymmetric layouts were of course also tested. A typical simula-
tion setup is presented in figure 37. 
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Figure 37.  Simulation of a four-wheel vehicle. 1: PLCSIM in run mode, 2: Force ta-
ble forcing the right joystick to point to NW and the left joystick to E, 3: Watch ta-
ble for monitoring the calculated turning angle and set speed of all wheels on the 

vehicle. 

In the bottom left corner of figure 37 it can be seen that the simulation is running and that 
the simulated PLC is in “RUN”-mode indicated by the green light. All the program blocks 
including the “ReferenceValueCalculation” and “DriveUnitSetValueCalculation” FBs 
are listed under the “Program blocks”-folder in the left pane in the window of the figure 
37. The vehicle that is simulated in figure 37 is a four-wheel vehicle meaning that one of 
the “ReferenceValueCalculation” FBs and four of the “DriveUnitSetValueCalculation” 
FBs have been used in Main (OB1) as instructed before. In addition to the FBs and Main 
(OB1) there are a few Data Blocks (DBs) listed under the “Program blocks” as well, but 
they have only been added for structural purposes, which is why the purpose of the DBs 
will not be covered here. 

To simulate actual change in physical inputs in Siemens TIA Portal, the force table like 
the one presented in figure 37 is used. In this case the force table was used to simulate the 
signals coming from the remote controller. In the particular captured situation in figure 
37, the horizontal analog value of the left joystick is 180/255 and the vertical value is 
0/255. The only digital value of the left joystick that has been forced true is the RIGHT 
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value, which means that the left joystick is pointing straight to the right. The right joystick 
on the other hand is pointing to the upper left corner in the joystick space, because the 
digital directions UP and LEFT are true and the RIGHT and DOWN values are false. The 
vertical analog value of the right joystick is 200/255 and the horizontal analog value of 
the right joystick is 10/255. 

The corresponding results of the fabricated joystick values can be seen in the watch table 
in the lower pane on the right side of figure 37. Because the left joystick is pointing to the 
right and the right joystick is pointing to the upper left corner of the joystick space, the 
counter-phase steering program is active, which can be seen on the first row of the watch 
table and by studying the values of the turning angles and set speeds. The turning angle 
of the upper left wheel, denoted as DU1 in figure 37 is for instance 16.33944° and the 
turning angle of the bottom left wheel, DU4 is -16.33944°, which is exactly what the 
counter-phase steering program is supposed to do. The name of the counter-phase steering 
program can be further emphasized here by the different signs, i.e., phases of the turning 
angles on wheels on the same side. 

By similar situations as the one presented in figure 37, different joystick values were 
simulated and tested with the program structure in order to compare the set values com-
puted by the program structure with desired calculated values. Because pure numerical 
values that are not disturbed by outside factors can be seen in the simulation environment, 
it was a more powerful debugging tool than tests with the actual equipment. Tests with 
the actual equipment was more of a visual confirmation than comparisons between com-
puted values and desired calculated values. Simulations like the ones presented in this 
section were however very time consuming, mainly because all values that were to be 
altered were always to be altered manually.  

5.3 Implementing the Program Structure in Solving Air Film 
Movers 

Although the operation of the program structure had been numerically verified as ex-
plained in the previous section, it was very important to test it in a real vehicle as well. 
Things that cannot be noticed in a simulation environment are for instance undesired slip-
ping or jumping, acceleration, response time and even turning and moving directions. The 
sensors or motors on the drive units could for instance be installed wrong which results 
in the motor running in the wrong direction.  

During the first tests with the real vehicles, a particular problem that was found caused 
the drive units to increase speed during turns in order to keep the speed of the vehicle 
center constant, although the analog joystick reading of the right joystick remained un-
changed. Changing steering programs could additionally cause the speed of the wheels to 
behave in an undesired way. This is just an example of what types of problems that was 
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found during the tests conducted with the real vehicles. It is clear that these types of prob-
lems, related to the behavior of the vehicle were difficult to find in the simulation envi-
ronment, but easy to detect visually with a real vehicle. In the final version of the program 
structure all of these types of problems have of course been fixed. 

The main idea of the vehicle software in Solving air film movers is to divide the Main 
(OB1) program into modules, which all handle a specific set of operations on the vehicle. 
This way only the most important information is visible in Main (OB1), while the detailed 
internal implementation of each operation is seen only when a network in Main (OB1) is 
opened. This is a very common structure in software design nowadays and is also recom-
mended in the aforementioned Siemens guidelines (Siemens 2017). The purpose of di-
viding the Main (OB1) program into modules is to make things easier for people reading 
the code. If there is for instance a problem with the warning light at the front of the vehi-
cle, the software engineer reading the code, can simply go to the network handling lights 
in Main (OB1). If necessary, the network can be opened to further study the internal im-
plementation of how and when the lights are turned on or off. This way there is no need 
to study other networks in Main (OB1) and the software engineer saves time by focusing 
only on the part of the code that is essential. Also before this thesis, there was a network 
in Main (OB1) handling the set value calculation of turning angle and speed for each 
wheel. A new network consisting of the solution in this thesis was built to replace this old 
network. The new network in Main (OB1) consist of a simple FB that acts as an interface 
for the program structure presented in this thesis. Using the interface it is possible to do 
all kinds of things such as change the coordinates of the drive units on the mover and 
limit the maximum vehicle speed. 

Current Solving air film movers are built with only two drive units. If the program struc-
ture would have been tested with a vehicle with only two wheels that are moreover 
aligned, several features of the new program structure would have been left untested. 
Fortunately for the results of this thesis there is a possibility to connect air film movers in 
tandem. One of the movers are then called a master and the other is called slave. The 
computations and control are done in the master mover in such a way that the remote 
controller of the master is used to operate both the master and the slave moving in unison. 
In the favor of this thesis, the vehicles could be placed at different horizontal and vertical 
distances to one another in order to test the behavior of different types of wheel layouts 
used in different types of vehicles. Most common master and slave configurations wanted 
by customers are the side-by-side and end-to-end options, but in the light of this thesis 
also other configurations were tested. For instance T-formations, placing the vehicles di-
agonally to one another and other random configurations. A typical test scenario is pre-
sented in figure 38. 
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Figure 38.  Master (right) and slave (left) air film movers driving in rotation mode. 
Normal lines to all wheel planes marked with dot-dashed line, intersecting at the 

vehicle center. 

The master-slave combination in figure 38 is clearly driving in the rotation mode steering 
program and just to highlight that the normal lines to all the wheel planes in fact intersect 
at the ICR, which in this case is the vehicle center, the normal lines to all wheel planes 
have been drawn as dot-dashed lines to the figure. A few other interesting things in figure 
38 is the radio remote controller in the upper right corner, placed on the master and the 
Ethernet-cable connecting the master and slave, responsible for providing the communi-
cation between the vehicle needed in situations such as when the master is sending set 
values to the slave. 

The results of the tests with the real vehicles were very positive. Solving is very pleased 
with the new program structure and will now be able to do things with the vehicle soft-
ware used in the air film movers that were not possible before this thesis. A few issues 
unrelated to this thesis were discovered during the tests with the real vehicles that may be 
addressed by Solving after this thesis. A few of these problems are mentioned as future 
work in the next chapter. 
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6. CONCLUSIONS AND FUTURE WORK 

This document follows the same structure as the very common top-down design principle, 
meaning that the abstraction level is quite high in the beginning and very low at the end 
of the document. This document started with components and information that should in 
some extent be familiar to the majority of people and step by step lead the reader to a 
more detailed level of the topic in this thesis. As it was shown in this document, there are 
currently no other or at least no other public solutions for the problem this thesis is ad-
dressing.  

It has been a long process getting from the first conceptual idea to a final solution tested 
with real equipment. The work of this thesis begun with a primitive idea gotten from 
Solving after which mathematical analysis done on pen and paper started immediately. 
One important thing noticed during this thesis that cannot be emphasized enough is how 
iterative a software project like this is. It has several times been necessary to jump from 
one phase backwards to an earlier phase to correct errors and regroup. When writing the 
SCL code of the FBs for instance, there were times when the construction of a certain 
vehicle type did not support the derived equations and it was then necessary to jump back 
to the research stage and do new mathematical analysis on pen and paper. 

The outcome of this thesis are the FBs “ReferenceValueCalculation”, “DriveUnitSet-
ValueCalculation” and the associated PLC data types created in Siemens STEP 7 (TIA 
Portal). The function of the FBs was verified both virtually with different simulations and 
physically by tests with real equipment. The FBs can be used to create program structures 
for vehicles with an unrestricted amount of wheels positioned freely in a Cartesian coor-
dinate system. This document has explained the development process, the internal imple-
mentation and results of using the said FBs. The FBs, this document and documentation 
of the FBs have been handed over to Solving, so that they can start using the FBs in the 
software of the vehicles. Although the FBs were created for Siemens PLCs and Solving 
is currently in no need of using the program structure in any other type of logic controllers, 
let it be stated as a small side note that the FBs could most likely be converted to any 
other PLC brand as the Siemens FBD and SCL programming languages are closely re-
lated to the IEC 61131-3 standardized programming languages. 

Testing of the new program structure was very successful, because of the possibility to 
use two air film movers in unison. By placing the air film movers at different orientations 
and distances to one another, several different wheel-layouts got tested. Although the 
principle should be the same for any other vehicle type, it is highly recommended that 
extra time is given for testing of the program structure when it is to be implemented in 
other vehicle types than the air film mover. Let it be mentioned that the tape guidance 
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navigation technique is being tested on the air film movers using the new program struc-
ture at the time when this chapter is being written. The results of those tests seem prom-
ising as well. 

A few assumptions have been made in the beginning that may or may not restrict the use 
of the new program structure. The maximum range of a turning angle is for instance as-
sumed to be [-180°, 180°]. There are however wheel types that allow the wheel to rotate 
freely around their axis. If Solving would need such wheels in the future, the SCL code 
of the FBs should need some modifications. Another assumption that was made is that 
the ICR should always be on the same side as the turning direction of the vehicle, meaning 
that if the vehicle is turning left, the ICR must also be on the left side of the vehicle. This 
restriction seems quite obvious, because the moving direction of the vehicle would 
change if the ICR would be on the opposite side compared to the turning direction, mean-
ing that although the vehicle is told to move forward, it will move backwards and vice 
versa. As odd as it may seem there are however AGVs that actually need this quality. The 
program structure does support this quality, but it has been turned off because there were 
no vehicles to test the said quality with at the time.  

Although the set value calculation of the set speed and turning angle of the wheel planes 
presented in this thesis worked perfectly, there were some problems with the control of 
the set values. The control is just to be clear a part of the vehicle software that has not 
been done in this thesis. Once the wheels found the correct set values, everything worked 
as intended, but the wheels were not synchronized during the transition from one set value 
to another. Because the goal of this thesis was to find a solution for the set value calcula-
tion only, the control part was not looked at as it would clearly have expanded the amount 
of work for this thesis. As long as the wheels are inside the same frame or under the same 
load, the control problem was negligible. A few suggestions about how the synchroniza-
tion of the control values could be done have been given to Solving and engineers at 
Solving may or may not have to address this problem later on depending on what types 
of vehicles, what the requirements are and how the program structure will be used in the 
future. At this stage Solving does not however see any reason to develop the control of 
the set values. 

The goals for this thesis were achieved and the results of the tests were in some extent 
even better than expected. The outcome of this thesis will enable Solving to do things that 
they were not able to do before this thesis. One of the first specific challenges Solving 
will overcome using the outcome of this thesis is production of the three wheeled air film 
movers. 

This project has been very exciting to work with. Seeing end results in the physical form 
that originally started with just a conceptual idea is every engineers dream. Especially 
rewarding is that the results of this thesis can create new customer relationships, which 
means more work, more money and maybe even more jobs in the region near Solving. 
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APPENDIX A: REFERENCE VALUE CALCULATION FB ERROR 
CODES 

1101: 
 Explanation 

The vehicle program is trying to activate the crabwise steering program, but it is 
disabled. 

 Troubleshooting 
Enable the crabwise steering program in the “enabledPrograms” input in order to 
be able to activate it. 

1102: 
 Explanation 

The vehicle program is trying to activate the front wheel steering program, but it 
is disabled. 

 Troubleshooting 
Enable the front wheel steering program in the “enabledPrograms” input in order 
to be able to activate it. 

1103: 
 Explanation 

The vehicle program is trying to activate the rear wheel steering program, but it is 
disabled. 

 Troubleshooting 
Enable the rear wheel steering program in the “enabledPrograms” input in order 
to be able to activate it. 

1104: 
 Explanation 

The vehicle program is trying to activate the counter-phase steering program, but 
it is disabled. 

 Troubleshooting 
Enable the counter-phase steering program in the “enabledPrograms” input in or-
der to be able to activate it. 

1105: 
 Explanation 

The vehicle program is trying to activate the rotation mode steering program, but 
it is disabled. 

 Troubleshooting 
Enable the rotation mode steering program in the “enabledPrograms” input in or-
der to be able to activate it. 
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1106: 
 Explanation 

The vehicle program is trying to activate crosswise mode, but it is disabled. 
 Troubleshooting 

Enable crosswise mode in the “enabledPrograms” input in order to be able to ac-
tivate it. 

1107: 
 Explanation 

The vehicle program is trying to activate the differential drive mode steering pro-
gram, but it is disabled. 

 Troubleshooting 
Enable the differential drive mode steering program in the “enabledPrograms” in-
put in order to be able to activate it. 

1120: 
 Explanation 

Differential drive mode is not possible, changing to crabwise steering program. 
 Troubleshooting 

If the vehicle width is zero, the vehicle cannot drive in the differential drive mode 
steering program. Change the vehicle width by changing the parameters “larg-
estYCoordinate[mm]”, “smallestYCoordinate[mm]”, “largestXCoordinate[mm]” 
or “smallestXCoordinate[mm]”. 

1200: 
 Explanation 

Impossible to activate a steering program. 
 Troubleshooting 

If this error code appears it has most likely got something to do with bad joystick 
inputs. 

1300: 
 Explanation 
  Initialization process is running. 
 Troubleshooting 

This error code will be displayed while the initialization process is running. As 
soon as the initialization process has finished the “ErrorInfo” parameter should go 
back to 0. If the “ErrorInfo” output stays at 1300 for a long time (minutes) there 
is an unexpected internal error in the FB. 

3100: 
 Explanation 

The selected steering configuration is undefined. 
 Troubleshooting 

Change the value of the “steeringConfiguration” input to a valid value. 
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3200: 
 Explanation 

The vehicle program has activated an undefined steering program. 
 Troubleshooting 

Will not happen if the FB is used in the original intent. Can happen in situations 
where the SCL code of the FB has been modified. 

4110: 
 Explanation 

Left joystick input error (more than two digital signals active at once). 
 Troubleshooting 

Please check the digital values of the left joystick. Are the inputs of the digital 
joystick values connected correctly to the FB? Is there a HW (hardware) related 
issue? 

4120: 
 Explanation 

Left joystick input error (UP and DOWN high at the same time). 
 Troubleshooting 

Please check the digital values of the left joystick. Are the inputs of the digital 
joystick values connected correctly to the FB? Is there a HW related issue? 

4130: 
 Explanation 

Left joystick input error (RIGHT and LEFT high at the same time). 
 Troubleshooting 

Please check the digital values of the left joystick. Are the inputs of the digital 
joystick values connected correctly to the FB? Is there a HW related issue? 

4140: 
 Explanation 

Left joystick input error (the horizontal analog value out of range). 
 Troubleshooting 

Please check the analog values of the left joystick. Are the inputs of the analog 
joystick values connected correctly to the FB? Is there a HW related issue? 

4150: 
 Explanation 

Left joystick input error (the vertical analog value out of range). 
 Troubleshooting 

Please check the analog values of the left joystick. Are the inputs of the analog 
joystick values connected correctly to the FB? Is there a HW related issue? 
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4160: 
 Explanation 

Left joystick DI (Digital In) and AI (Analog In) mismatch (horizontal direction). 
 Troubleshooting 

Please check the analog and digital values of the left joystick. Are the inputs of 
the joystick values connected correctly to the FB? Is there a HW related issue? 

4170: 
 Explanation 

Left joystick DI and AI mismatch (vertical direction). 
 Troubleshooting 

Please check the analog and digital values of the left joystick. Are the inputs of 
the joystick values connected correctly to the FB? Is there a HW related issue? 

4210: 
 Explanation 

Right joystick input error (more than two digital signals active). 
 Troubleshooting 

Please check the digital values of the right joystick. Are the inputs of the digital 
joystick values connected correctly to the FB? Is there a HW related issue? 

4220: 
 Explanation 

Right joystick input error (UP and DOWN high at the same time). 
 Troubleshooting 

Please check the digital values of the right joystick. Are the inputs of the digital 
joystick values connected correctly to the FB? Is there a HW related issue? 

4230: 
 Explanation 

Right joystick input error (RIGHT and LEFT high at the same time). 
 Troubleshooting 

Please check the digital values of the right joystick. Are the inputs of the digital 
joystick values connected correctly to the FB? Is there a HW related issue? 

4240: 
 Explanation 

Right joystick input error (the horizontal analog value out of range). 
 Troubleshooting 

Please check the analog values of the right joystick. Are the inputs of the analog 
joystick values connected correctly to the FB? Is there a HW related issue? 

4250: 
 Explanation 

Right joystick input error (the vertical analog value out of range). 
 Troubleshooting 

Please check the analog values of the right joystick. Are the inputs of the analog 
joystick values connected correctly to the FB? Is there a HW related issue? 
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4260: 
 Explanation 

Right joystick DI and AI mismatch (horizontal direction). 
 Troubleshooting 

Please check the analog and digital values of the right joystick. Are the inputs of 
the joystick values connected correctly to the FB? Is there a HW related issue? 

4270: 
 Explanation 

Right joystick DI and AI mismatch (vertical direction). 
 Troubleshooting 

Please check the analog and digital values of the right joystick. Are the inputs of 
the joystick values connected correctly to the FB? Is there a HW related issue? 

4310: 
 Explanation 

Several steering programs activated at once. 
 Troubleshooting 

Can happen for instance when the steering configuration 2 is used and more than 
one steering program is activated. Activate only one of the steering programs de-
fined in the input “optionalSwitchforSteeringPrograms” at a time. 

4320: 
 Explanation 

Differential Drive mode and Rotation mode activated at the same time. 
 Troubleshooting 

The differential drive mode and the rotation mode cannot be activated at the same 
time. Please check if there is an error in the inputs of the remote controller signals 
(“RCSignals”). 

4410: 
 Explanation 

Maximum desired heading out of range. 
 Troubleshooting 

Check the turning angle limits of the set value calculation FBs and try to force a 
new run of the initialization process. 

4500: 
 Explanation 

Maximum vehicle speed out of range. 
 Troubleshooting 

Please check that the “maxVehicleSpeed[mm/s]” is a positive floating-point num-
ber. 
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4600: 
 Explanation 

Maximum analog joystick value out of range. 
 Troubleshooting 

Please check that the maximum analog value of the “RCSignals” input is a posi-
tive floating-point number. 

4710: 
 Explanation 

Largest y-coordinate out of range. 
 Troubleshooting 

Please check the size of the vehicle and redefine the parameter “largestYCoordi-
nate[mm]”. 

4720: 
 Explanation 

Smallest y-coordinate out of range. 
 Troubleshooting 

Please check the size of the vehicle and redefine the parameter “smallestYCoor-
dinate[mm]”. 

4730: 
 Explanation 

Largest x-coordinate out of range. 
 Troubleshooting 

Please check the size of the vehicle and redefine the parameter “largestXCoordi-
nate[mm]”. 

4740: 
 Explanation 

Smallest x-coordinate out of range. 
 Troubleshooting 

Please check the size of the vehicle and redefine the parameter “smallestXCoor-
dinate[mm]”. 

4800: 
 Explanation 

Impossible to activate a steering program because all steering programs are disa-
bled. 

 Troubleshooting 
Please enable steering programs. 

5100: 
 Explanation 

Internal FB error. 
 Troubleshooting 

This is an unexpected error that may occur if the FB is trying to do impossible 
things such as division by zero. To clear this error please contact support. 



86 

5210: 
 Explanation 

ICR x-coordinate invalid value. 
 Troubleshooting 

The value of the ICR x-coordinate is NaN (Not-a-Number) or there is an overflow 
or underflow. Check all inputs. 

5220: 
 Explanation 

ICR y-coordinate invalid value. 
 Troubleshooting 

The value of the ICR y-coordinate is NaN (Not-a-Number) or there is an overflow 
or underflow. Check all inputs. 

5230: 
 Explanation 

Reference speed invalid value. 
 Troubleshooting 

The value of the ICR x-coordinate is NaN (Not-a-Number) or there is an overflow 
or underflow. Check all inputs. 

5300: 
 Explanation 

Failed initialization process. 
 Troubleshooting 

If the initialization process has failed the vehicle will not move. You have proba-
bly forgotten to enable steering programs or there is some other input error in 
either the “ReferenceValueCalculation” FB or the “DriveUnitSetValueCalcula-
tion” FB. 

5310: 
 Explanation 

Rotation mode has been disabled because it is not possible. 
 Troubleshooting 

When the limiting turning angles that are inputs of the set value calculation FBs 
are too small, the rotation mode is not possible and will therefore be disabled au-
tomatically by the FB. 
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APPENDIX B: SET VALUE CALCULATION FB ERROR CODES 

1100: 
 Explanation 

Trying to turn, but the type is D. 
 Troubleshooting 

A “D” type drive unit cannot turn. Are you sure you have the correct drive unit 
type? 

1200: 
 Explanation 

Trying to drive, but the type is S. 
 Troubleshooting 

An “S” type drive unit cannot drive. Are you sure you have the correct drive unit 
type? 

1300: 
 Explanation 

Turning angle out of range, rotation mode not possible. 
 Troubleshooting 

The angle flag will inform the “ReferenceValueCalculation” FB that the rotation 
mode is not possible and the “ReferenceValueCalculation” FB will disable rota-
tion mode. This error code serves merely as an info-message. 

4100: 
 Explanation 

Input error, no active steering program. 
 Troubleshooting 

There is no active steering program in the “references” input. Please check the 
“references” input. 

4200: 
 Explanation 

Input error, undefined drive unit type. 
 Troubleshooting 

The value of the “type” input must be either 0, 1 or 2. Please check. 
4300: 
 Explanation 

X-coordinate out of range. 
 Troubleshooting 

The size of the vehicle is unrealistically large. Please check the input “xCoordi-
nate[mm]”. 
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4400: 
 Explanation 

Y-coordinate out of range. 
 Troubleshooting 

The size of the vehicle is unrealistically large. Please check input “yCoordi-
nate[mm]”. 

4510: 
 Explanation 

Maximum speed out of range. 
 Troubleshooting 

Please check the input “maxSpeed[mm/s]”. The input must be a positive floating-
point number. 

4610: 
 Explanation 

Maximum positive turning angle out of range. 
 Troubleshooting 

Please check the input “maxPositiveTurningAngle[deg]”. The value must be 
within the range [-180°, 180°]. 

4620: 
 Explanation 

Maximum negative turning angle out of range. 
 Troubleshooting 

Please check the input “maxNegativeTurningAngle[deg]”. The value must be 
within the range [-180°, 180°]. 

4800: 
 Explanation 

Offset angle out of range. 
 Troubleshooting 

Please check the input “offsetAngle[deg]”. The value must be within the range [-
180°, 180°]. 

5100: 
 Explanation 

Internal FB error. 
 Troubleshooting 

This is an unexpected error that may occur if the FB is trying to do impossible 
things such as division by zero. To clear this error please contact support. 

5210: 
 Explanation 

Invalid turning angle. 
 Troubleshooting 

The calculated “turningAngle[deg]” is invalid. Meaning that the value is NaN or 
there is an overflow or underflow. Please check all inputs. 
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5220: 
 Explanation 

Invalid set speed. 
 Troubleshooting 

The calculated “setSpeed[mm/s]” is invalid. Meaning that the value is NaN or 
there is an overflow or underflow. Please check all inputs. 
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