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Development and Implementation of a Search 
and Locate Actuator System 

 
 
Abstract 
 
Over the last years, electrical roads have emerged as a cost effective and 
environmentally friendly solution towards a transportation system with less 
dependency on fossil fuels. This thesis presents the design of a search and locate 
system for road-bound conductive electrical roads with position control in two 
axes. The system is intended to find and follow the position of an electrified rail. 
The actuator system constitutes a firm groundwork for further research and 
development in this field. A laboratory test set up has been designed and both 
hardware and software parts have been constructed. The control of the system 
uses the CompactRIOTM technology from National Instruments.  
 
Results from the practical evaluation suggest that the non-linear characteristic of 
the system and the lack of direct position feedback from the motor rotation are the 
main causes of a non-accurate position control. Future development steps should 
focus on improving the mechanical design and include encoder feedback for the 
control loop as well as absolute automatic control with the incorporation of rail 
sensors.  
 
 
 
Keywords 
 
CompactRIOTM, direct current (DC) motor, drive system, multi-axes position 
control, proportional-integral (PI) control.   
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Sammanfattning 

 
Under de senaste åren har elektriska vägar tagits fram som en kostnadseffektiv 
och miljövänlig lösning för ett transportsystem med mindre beroende av fossila 
bränslen. Denna avhandling presenterar utformningen av ett localiseringssytem 
med lägesreglering i två axlar. Systemet är avsett att finna och följa läget av en 
elektrifierad skena. Ställdonet utgör en gedigen grund för fortsatt forskning och 
utveckling inom detta område. En försöksuppställning har konstruerats och både 
hårdvara och delar mjukvara har byggts. Styrningen av systemet använder 
CompactRIOTM teknik från National Instruments. 
 
Resultat från den praktiska utvärderingen tyder på att icke-linjära fenomen i 
systemet och bristen på direkt lägesåterkoppling från motorns rotationsriktning är 
de främsta orsakerna till en icke-korrekt positionering. Framtida utvecklings bör 
fokusera på att förbättra mekanisk konstruktion och inkludera 
pulsgivaråterkoppling för regleringen samt automatisk inkoppling av lägesgivare 
av spåret.   
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1   Introduction 

In the course of the following decades, the existing transportation system is meant 
to change towards the independence of fossil fuels. On the one hand, the imminent 
depletion of worldwide fuel supplies and the increment of oil prices pinpoint the 
need of a new infrastructure that takes leave of the internal combustion engine. On 
the other hand, the environmental footprint of fossil fuels has to be reduced by 
decreasing CO2 emissions (Brown, Pike & Steenhof, 2010). By virtue of this fact, 
electrical solutions have emerged as an efficient and eco-friendly alternative for 
the transportation system that will allow the introduction of more renewable 
primary energy sources, breaking the dependency on fossil fuels and decreasing 
CO2 emissions (Elways AB, 2011). 

As a result, the number of electric vehicles in the roads has remarkably grown 
over the last years. As an example, Table 1.1 shows the rise of hybrid electric 
vehicles (HEVs) in different countries between the years 2005 and 2008. 
 

Table 1.1 Population of HEVs for different IA-HEV (Implementing Agreement for co-
operation on Hybrid and Electric Vehicles) countries. Information is dated December 31th of 

each year (International Energy Agency, IA-HEV, 2009) 

Country 2005 2006 2007 2008 
Austria 75* 481 1264 N.A. 
Belgium 602 1560* 2900* N.A. 
Canada 6053 13253 25783 N.A. 
Denmark 35 50* 76 300 
Finland N.A. N.A. 303 1142 
France N.A. >7000* N.A. N.A. 
Italy 2415 4285 11218 N.A. 
Netherlands 3000 5003 6005 20005* 
Sweden  3300 6100 9400 13500 
Switzerland 2469 4722 7762 10700*1 
Turkey N.A. N.A. N.A. 130 
USA 403000 655000 1006000 1322000 
Total IA-HEV 421000 698000 1071000 1450000* 
 *   Estimated population 
N.A  Not available 
1     Figure dated September 2008 

  
HEVs, which combine the use of both electric and combustion engines, seem to 
be  currently considered the best alternative, but ultimate objective is to reach the 
pure electric vehicle (BEV) that will be entirely a battery operated vehicle 
(Brown, Pike & Steenhof, 2010). The research of these BEVs has to overcome the 
present limitations of commercial batteries regarding their charging times and 
their low energy density when compared to petrol (Buchmann, I., 2012). 
Attending to the present and estimated future capability of the batteries, the 
energy stored on board is not sufficient for stand-alone operation of electric 
vehicles.  
 
In this context, some companies and organizations started to think outside the box, 
developing several alternatives for what is called electrical roads. Electrical roads 



Chapter 1. Introduction 

 

2 DEVELOPMENT AND IMPLEMENTATION OF A SEARCH AND LOCATE ACTUATOR SYSTEM 

 

imply continuous electricity supply for electric vehicles that can be charged while 
driving; and they are being investigated as an alternative that could break the 
dependency on fossil fuels. This system would eliminate the current limitation of 
batteries and offers an efficient and environmentally friendly performance of 
electric vehicles.  
 
Electrical roads can be based on inductive feeding or conductive feeding, which in 
turn, can be done from above or from below the vehicle. This thesis finds its 
starting point within the field of continuous conductive charging. In this kind of 
electrical roads, the vehicle is charged from a rail that is buried into the ground 
(Elways AB, 2011b). For an accurate and safe operation of the system, it is 
essential to be able to search and locate the electrified rail.  

 
In this project, the design and control of a search and locate actuator system will 
be carried out in detail.  Further improvement of this project will lead to the 
development of a complete system that can be implemented as part of a 
conductive architecture for electrical roads. 
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2   Aim and Objectives 

This project aims to develop complete search and locate system for road-bound 
conductive electrical roads. In order to reach this objective, the following tasks 
have to be addressed:  

 
• Define the specifications of the system and based on them, develop a 

simulation model for the electromechanical actuator. 
 

• Determine the requirements of the electrical drive system, both hardware 
and software-wise.  
 

• Design and build up a laboratory test and measurement system for driving 
and controlling the track-monitoring device with testing and development 
purposes.  
 

• Practically evaluate the implemented electromechanical actuator in the 
laboratory and based on the obtained results, analyze the performance of 
the system. 

 
• Propose suggestions for design improvements and provide directions for 

future research and further development of the project.  
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3   Background 

3.1  Electrical Roads 
Electrical roads are nowadays being considered as an eco-friendly solution for the 
present transport network. By electrifying part of the roads, electric vehicles are 
allowed to charge while driving. This could lead to a complete electricity-based 
transportation system (Elways AB, 2011b). There are several and different 
alternatives for electrical roads that can be divided into conductive and inductive 
solutions.  
 
Among the inductive charging alternatives that are being researched, there is 
already one that has been applied in Germany and allows catenary-free operation 
of trams. Bombardier PRIMOVE uses a contact-free inductive technology (see 
Figure 3.1) for the charging of the vehicle (Bombardier, Inc., 2012a). In this 
technology, all power components that take part in the power transfer are placed 
inside the vehicle and under the road (Bombardier, Inc., 2010). While the system 
has already been installed in Ausburg in 2010, similar alternatives are under 
research for buses and private cars by Bombardier (Bombardier, Inc., 2012b). 
 

 
Figure 3.1 Bombardier PRIMOVE technology for inductive charging (Bombardier, Inc., 

2012a) 
 

The On-line Electric Vehicle (OLEV) has been developed as the result of the 
research carried out by the Korea Advanced Institute of Science and Technology, 
in South Korea. In this system, the inductive transmitters, shown in Figure 3.2 (a), 
are on the road and the vehicle is equipped with the power receiver, making the 
electricity transmission wirelessly (see Figure 3.2(b)), via a magnetic field 
(Young, Young & Seungmin, 2012).  
 

 
Figure 3.2 (a) and (b) Power transmitter (a) and operation (b) of the OLEV system 

(Young, Young & Seungmin, 2012) 

(a) (b) 
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The Toyohashi University of Technology is also studying a similar wireless 
system, where the transmitters are two metal plates on the road and the receivers 
the steel belts placed on the vehicle tires (Zuerman, 2011). 
 
On the other hand, the Alimentation Par le Sol (APS) system that was developed 
by the French company Alstom is one of the precedents for conductive electrical 
roads. This system, that has already been proved and is actually in use in several 
French cities, e.g. Bordeaux and Angers, is designed to charge the trams directly 
from the ground avoiding the use of the catenary (Alstom, 2012). The feeding is 
made via an additional rail in the ground and the conductive skaters in the bottom 
part of the tram (see Figure 3.3). The contact is only possible when the tram is 
entirely over the rail, which makes the system safe for pedestrians; and therefore, 
suitable for trains inside the cities (Alstom, 2008). 
 

 
Figure 3.3 City trams working with APS system (Alstom 2012) 

 
Another alternative for conductive electrical roads is the eHighway technology 
from Siemens, developed under the German ENUBA (electromobility in heavy 
commercial vehicles to reduce environmental impact on densely populated areas) 
project. This initiative has studied continuous feeding of heavy HEVs from aerial 
lines (see Figure 3.4), developing a system that smoothly could be incorporated to 
the present infrastructure (Siemens AG, 2012). The power transmission takes 
place when the pantograph (the device used to search the electrified path and pick-
up the electricity) contacts the electrified lines (Siemens AG, 2012).   

 

 
Figure 3.4 Siemens eHighway concept (Siemens AG, 2012) 



Chapter 3. Background 

 

DEVELOPMENT AND IMPLEMENTATION OF A SEARCH AND LOCATE ACTUATOR SYSTEM     7 

 

The Swedish company Elways AB is developing a similar technology apart from 
the fact that the electricity is fed from below, what makes the system appropriate 
for both light and heavy vehicles (Elways AB, 2011b). The Elways system 
consists of rails placed into the ground that contain electric cables (Karlberg, 
2011). Through these rails, the electricity is picked up using an extensible arm that 
includes the necessary sensors to position itself within the rail (Elways AB, 
2011b). The electricity is used to directly feed the electric motor, or to charge the 
battery. When the car is covering the rails, the cables are electrified, and the 
contact is automatically introduced. When the car leaves the rail, the contact is 
retired and the electrification ceases (Elways AB, 2011). 

 

3.2  Electrical Roads in Sweden 
In Sweden, where the freight traffic is responsible for four-fifths of the total CO2 
emissions (Tree Hugger, 2012), the growing concern about the need of more 
environmentally friendly solutions for transport has put into game a lot of 
initiatives. One of the most committed ones is the FFI program (Strategic Vehicle 
Research and Innovation Initiative) that was born on January 2009, undertaken by 
the Swedish Energy Agency. Its main target is to encourage the research on new 
vehicle initiatives based on the co-operation between state Government and the 
private vehicle industry (International Energy Agency, 2009) so that in the long 
run, the Government target of a vehicle fleet entirely independent of fossil fuels 
by the year 2030 (The Swedish Energy Agency, 2009) can be achieved.  
  
Among other initiatives, great part of the effort has been funneled to the 
electrification of vehicles and the research on systems for electrical roads (The 
Swedish Energy Agency, 2009). Through this program, important vehicle 
manufacturers as Scania, Volvo, Alstom and Bombardier are involved in the 
development of new technologies and as a result, important initiatives have 
emerged.  
 
One of the most promising initiatives for electrical roads in Sweden is being 
studied in the North part of the country. In the area of Pajala, hauling alternatives 
for big ore shipments are being studied (Sundqvist, 2012) to cover the 150 km 
distance to the city of Svappaavaara, where a train will complete the overland 
transport to the Norwegian harbour of Narvik (Scania Australia, 2012). The 
Swedish Transport Administration (Trafikverket) is considering electric feeding as 
a feasible alternative as the price of the electrification would give an important 
economic saving when compared with the cost of a new railway. So far, a 
proposal from Travikverket is on the table to electrify the first 12 km with testing 
and development purposes (Scania Australia, 2012). In this case, there is no other 
electric option but aerial electrification, due to the presence of bogs below the 
route that may cause instability on the road (Scania Australia, 2012). Due to this 
fact, the Siemens eHighway technology is highly suitable for this project. Siemens 
has collaborated with Scania to integrate the pantographs on the vehicle structure 
(Siemens AG, 2012) and they have recently developed a truck that will run on this 
electrified road (see Figure 3.5) 
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Figure 3.5 Siemens & Scania truck for electrified roads (Svenska Ëlvagar, 2012) 
 
Another Swedish initiative for electrical roads is currently under development by 
Elways AB. Granted by the Swedish Energy Agency and in collaboration with 
different organisms, Elways AB is already testing its own idea to drive the 
Swedish transport to the fuel independence by 2030 through conductive charging 
from below, and counts already with several patents (Elways AB, 2011b). The 
concept is to electrify the main roads, so that during the longer journeys, batteries 
are recharged; and this energy stored in the battery can be used to power the cars 
when running in smaller non-electrified roads (Elways AB, 2011).  

 

3.3  Electrical Roads Technologies 
This thesis is interested in the technologies that have to be implemented for both 
the road infrastructure and the vehicle fleet for the electrical roads concept to 
become a reality. Particularly, the subject of study is conductive solutions from 
below.   
 
The technology to install for conductive roadways highly differs depending on if 
the feeding is done from the top or from the bottom. Aerial supply implies the 
addition of the necessary elements in the route. For grounded solutions, the 
realization involves the modification of the pavement.  
 
Regarding the vehicle technologies, the challenge is found in the design of 
actuators that allow the detection and the contact with the power transmitters, as 
well as the control of the system, regardless of the type of conductive alternative 
that is used.  
 
As an example, the Siemens pantograph includes the necessary scanners to detect 
the overhead lines, to connect and disconnect automatically and to correct the 
sidewise deviation with respect to the fixed trajectory of the line (Siemens AG, 
2012). With the conductive feeding from below it works similarly. In the case of 
the APS system, the additional conductive rail is easily located, as the trams 
follow a fixed trajectory. However, if a conductive system from below is 
implemented on highways, it is very important to search and locate the electrified 
rail to correctly allow the contact and the charging of the batteries. 
 
For these conductive alternatives from below, the development of accurate 
systems for rail searching and positioning, is a technological challenge that if 
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properly solved, will lead to a successful integration of the electrical roads into 
the transportation network.  
 
This project focuses on designing and building an actuator system for track-
monitoring and positioning a device within a reference that is equivalent to the 
position of the rail with respect to the car in the roadway.  
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4   Fundamentals of the Actuator System  

In this chapter, the actuator is described. Its specifications are used to design a 
model of the system and to derive the requirements for the laboratory test set up.  
 

4.1  System Description 
The search and locate system consists of two parts: a moveable arm and a two-
axes actuator system. The movable arm is equipped with a rail detector that can 
give information about the position of the arm relative to the rail. The motors that 
will commission the motion of the arm will be placed at the end of it, as well as 
the position indicators required for feedback information to the control loop. 
  
In addition, a control panel that will be placed apart will contain the motor drivers 
and other control equipment. The operation of the system will be commanded and 
monitored from a software interface. The main task in this project is to design the 
control panel and the necessary software tools needed for the proper operation of 
the system.  
 

4.2  Specifications  
The design of the system will be based on the specifications of the movable arm 
that moves over the road and performs a search in order to locate the rail through 
the detectors that it contains. The arm is 1.5 meters long. The mass is 0.8 kg and it 
has an additional 3 kg mass at its end. The polar moment of inertia of the movable 
arm is estimated to be 7.2 kg·m2.  
 
For the positioning of the arm, it can move in two different directions, performing 
two different types of movement. The first one, the so called X movement, takes 
place in the horizontal plane, and consists of the arm swinging from left to right 
and vice versa. The second type of movement can be defined as an up/down 
movement in a vertical plane and it is named as the Y movement (see Figure 4.1).  
 

 
Figure 4.1 X and Y movements for the actuator system 

 
The sidewise movement in the horizontal plane has an angular scope of 30°to the 
right and 30º to the left of the X axis, which corresponds to a displacement of 1.5 
meters for the end of the arm as shown in Figure 4.2. The movement is expected 
to be sinusoidal in time with an amplitude of 30º. The desired maximum period is 

Motors and position 
indicators 

X 

Y 
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2 seconds in which the complete trajectory is covered, back and forth. 
Additionally, a geared mechanism introduces a ratio of 6.72 between the arm and 
the motor rotation. 

 

 
Figure 4.2 Scope of the X movement 

 
The Y movement lifts and lowers the arm. The up/down movement angle is 15º 
from the horizontal position towards the ground (see Figure 4.3). That is 
equivalent to 388 mm displacement of the end of the arm. The movement occurs 
through a universal joint and the ratio between the up/down movement to the 
rotation of the motor is 27.84. The arm must be able to go down in free fall, which 
is equivalent to 1g. The fall to 388 mm should accelerate first with 1g until the 
half of the trajectory and then decelerate with -1g. 

 

 
Figure 4.3 Scope of the Y movement 

 
Table 4.1 summarizes the specifications for the actuator system. 
 

Table 4.1 Summary of the actuator system specifications 

Parameter Specification 
Length of the arm 1.5 m 
Mass of the arm  0.8 kg  

Mass at the end of the arm 3 kg 
Moment of inertia 7.2 kg 
Movement range 

X 
Y 

 
60º (±30º), 1.5 m 

15º, 388 mm 
Movement characteristics 

X 
Y 

 
Sinusoidal, T � 2s 
Free fall, 1g, -1g 

Gear ratio 
X 
Y 

 
6.72 
27.84 

1.5 m 

60º X 

Y 

X 

Y 
15º 

388 mm 



Chapter 4. Fundamentals of the Actuator System 

 

DEVELOPMENT AND IMPLEMENTATION OF A SEARCH AND LOCATE ACTUATOR SYSTEM     13 

 

The movements are independent from each other and controlled by two different 
direct current (DC) motors, named the X motor and Y motor respectively. The use 
of DC motors is justified by an economic price, the ease of control and a demand 
on very simple converters to be operated (ElectroCraft, Inc., 1980) & (Harnefors, 
Hinkkanen & Luomi, 2012). Besides, the voltage level for the power supply will 
be 12 V, as the system is thought to be integrated with the 12 V onboard battery of 
a vehicle.    

 
For these motors, some requirements can be derived from the specifications in 
Table 4.1. These requirements have to be with the position references and 
maximum speed, torque and power.   

  
For the X movement the function of the trajectory as a function of time is: 

���� � 	
6 ∙ sin�	 ∙ �� Equation 4.1 

 
From Equation 4.1 expressions for angular speed and acceleration can be derived: 

���� = ��
�� = 	�

6 ∙ cos�	 ∙ �� Equation 4.2 

���� = ���
��� = 	�

6 ∙ sin�	 ∙ �� Equation 4.3 

 
Taking into account the gear ratio, the position reference for the X motor is given 
by: 

���� = 1.12 ∙ 	 ∙ sin�	 ∙ �� Equation 4.4 

 
The maximum angular speed and acceleration for the system are equal to the 
amplitudes of their respective functions, ω��� = 1.64 rad/s and α��� = 5.17 
rad/s2. Multiplying by the gear ratio, the requirements for the maximum motor 
speed and acceleration are obtained. Maximum rotational speed for the motor 
becomes 11.1 rad/s and maximum angular acceleration is 34.7 rad/s2.  
 
For the torque calculations, the inertia of the system has to be reduced to the motor 
axis with the inverse of the gear ratio, 

 =  !"!#$�
%�  Equation 4.5 

  
 The value of the inertia reduced to the X motor shaft becomes 0.16 kg·m2.  
 

Finally, the maximum torque and power are found from: 

&�'#,��� =  ∙ ��
�� )

�'#,���
=  ∙ ��'#,��� Equation 4.6 

*�'#,��� = &�'#,���
√2 ∙ ��'#,���

√2  Equation 4.7 

 
According to these expressions, the maximum required torque is 5.54 Nm, and the 
maximum demanded power becomes 30.6 W.  
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For the Y movement, the going down trajectory is expected to be a free fall that 
covers a distance of 0.388 m. The movement till half of the distance, 0.194 m, will 
be a constant acceleration with 1g, and then it will decelerate until the end of the 
trajectory. Therefore, the profile of the linear speed corresponds to the one shown 
in Figure 4.4. 
 
 
 
 
 
 

 
 
 
 
 
 

 
Figure 4.4 Profile of the linear speed for the Y movement 

 
For free fall movement, the position and the linear speed are given by Equation 
4.8 and Equation 4.9. 

,��� � ,- + /- · � +	12 ∙ 1 ∙ �� Equation 4.8 

/��� = /- + 	1 ∙ � Equation 4.9 

 
For the first half of the trajectory, according to Equation 4.8, and taking into 
account that the initial position and speed are zero, the time taken to cover 0.194 
m (t1) with 1g is 0.2 seconds. At t1 the maximum speed (vmax) is found. Its value is 
found from Equation 4.9 and equal to 1.95 m/s.  
 
The relation between the linear and the angular speed of the movement is 

� � /
2 Equation 4.10 

 
where L is the length of the arm. The maximum angular speed for the arm 
becomes 1.3 rad/s. Multiplying by the gear ratio, the maximum angular speed for 
the motor results 36.2 rad/s. The maximum angular acceleration for the motor is 
equal to 181 rad/s and is obtained as follows 

��'#,���
� ��

�� )�'#,���
�

��'#,���
∆� � 36.2	%5�/7

0.2	7 � 181	%5�/7� 

 
According to Equations 4.6 and 4.7, the equivalent inertia of the system reduced to 
the shaft of the Y motor results 0.0093 kg·m2 and the maximum torque becomes 
1.7 Nm. The maximum power is obtained multiplying the maximum speed and the 
maximum torque, and becomes 62.3 W.  
 
 For the second half of the trajectory, which starts with y0 equal to 0.194 m and a 
speed v0 equal to the maximum speed, the time that it takes to reach the final 
position is equal to 0.2 seconds. Therefore the whole displacement takes 0.4 

v 

t 
t1 t2 

vmax 

acceleration 1g 
deceleration -1g 
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seconds (t2 in Figure 4.4). 
 
Table 4.2 summarizes the requirements for the motors.  
 

Table 4.2 Summary of the motors requirements 

Parameter Value 
Actuators DC motors 

Rated voltage 12 V 
Position reference 

X 
Y 

 
���� � 1.12 ∙ 	 ∙ sin�	 ∙ �� 

Free fall at target 

Equivalent inertia 
X 
Y 

 
0.16 kg·m2 

0.0093 kg·m2 
Maximum rotational speed 

X 
Y 

 
11.1 rad/s, 110 rpm 
36.2 rad/s, 350 rpm 

Maximum acceleration 
X 
Y 

 
34.7 rad/s2 
181 rad/s2 

Maximum torque 
X 
Y 

 
5.54 Nm 
1.7 Nm 

Maximum power 
X 
Y 

 
30.6 W 
62.3 W 

 

4.3  Control System 
The control of the system is designed as a position control in multiple axes, and it 
focuses in controlling the angular position of the DC motors. The scheme 
corresponds to a general closed loop system (see Figure 4.5), in which the 
controlled variable will be the position of the rotor shaft. 

 

 
Figure 4.5 General scheme for the control 

 
This type of control measures the error between the input reference and the 
current output that is corrected with the action of the controller (ElectroCraft, Inc., 
1980).   
 
In the next section, it is explained how the different parts of the control system are 
modelled in Simulink®. The motors will be modelled according to the electrical 
circuit and equations of a DC motor, and the control will be based on a 
proportional-integral (PI) strategy. The sensing devices most commonly used in 
experimental set ups to measure the angular position of a motor are absolute 
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optical encoders (ElectroCraft, Inc., 1980), but they do not require a specific 
modelling in Simulink® since the position is directly obtained from the block 
diagram output.  
 

4.4  Model 

4.4.1 Motor Modelling 
For the motors, the model is based on the equivalent circuit of a DC motor (see 
Figure 4.6), that consists of a voltage source in series with a resistor and an 
inductor. 
 

 
Figure 4.6 Equivalent circuit of a DC motor  

  
For this circuit, the electrical behaviour is given by Ohm’s Law  

/ � 2� ∙
�:

��
. ;� ∙ : . < Equation 4.11 

 
where v is the applied voltage, i is the armature current, Ra and La the armature 
resistance and inductance and e the counter-electromotive force.  
 
Besides, for a DC motor, the counter-electromotive force is proportional to the 
speed: 

< � = ∙ � Equation 4.12 

 
where ω is the rotational speed and = is the flux linkage.  
 
The dynamic equation of the motor yields & (ElectroCraft, Inc., 1980): 

&> ? &@ �  ∙
��

��
. A ∙ � Equation 4.13 

 
where Tg is the internally generated torque, Tl is the load torque, J is the total 
inertia that includes the load and the motor and B is the viscous friction constant. 
 
Besides, the motor torque Tg is proportional to the armature current through the 
flux linkage: 

&> � = ∙ : Equation 4.14 

 
Applying Laplace transform to the Equations 4.11- 4.14 the block diagram shown 
in Figure 4.7 is obtained. This block diagram is the DC motor model that will be  
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represented in Simulink®. 
 

 
Figure 4.7 Block diagram of a DC motor  

 
Taking into account the obtained requirements, two motors from Transmotec 
Sweden AB are selected to be used for the design of the system. A WHD80175 
DC Worm Gear Motor (see Figure 4.8) is selected for the X and Y movements.  
 

 
Figure 4.8 WHD80175 DC Worm Gear Motor (Transmotec Sweden AB, 2010) 

 
The technical data provided by the manufacturer for the two motors is summarized 
in Table 4.3 

   
For building the Simulink® model, other parameters of the motor are needed that 
are not specified within the data sheets. During the modelling phase, the motors 
were not available in the laboratory, so these additional parameters cannot be 
obtained experimentally. Instead, they are estimated from the equations that define 
the performance of a DC motor (see Appendix A). The estimation of the 
parameters is subjected to error, but considered good enough for a theoretical 
model of the system.   
 

Table 4.3 WHD80175 motor data (Transmotec Sweden AB, 2010) 

Parameter Transmotec WHD80175 
r 10:1 

Vn 12 V 
Tn 0.68 Nm 
nn 3200 rpm 
In 23.2 A 
n0 3600 rpm 
I0 4.2 A 
Pn 

Stator Configuration 
235 W 

Permanent Magnet (PM) 
Gear weight 5 kg 
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Table 4.4 Estimated parameters for the motors 

Parameter Transmotec WHD80175 
= 0.032 (V/s) 
Ra 0.062 (Ω) 
La 1.9·10-3 (H) 
B 0.0053 (kg·m2/s) 
J 

X motor 
Y motor 

 
1.6·10-3 (kg·m2) 
9.3·10-5  (kg·m2) 

 
Table 4.4 shows estimated parameters for the DC motors that are used for the 
Simulink® model. 
 
The modelling of the DC motors is done according to Figure 4.7. The obtained 
model is shown in Figure 4.9.  

 

 
Figure 4.9 Simulink® block diagram of the DC motor 

 
The input to the system is chosen to be the armature voltage that will be the 
controlled variable, as the stator configuration is a PM, which leaves the only 
possibility of control through the armature. Outputs are position, speed and 
armature current.  
 

4.4.2 Controller Modelling 
The controller is modelled as a PI control with a cascade structure. DC motors are 
modelled as first order systems, so a control with the same order should be 
enough (Harnefors, Hinkkanen & Luomi, 2012). Most DC drives are designed 
with this strategy, with an inner current loop and an outer speed loop. Besides, if 
the desired controlled variable is the position, there is an additional external loop 
for position. 
 
The first two controllers, for the current and the speed, are PI controllers, and the 
third one only includes proportional action to control the position. The PI 
controllers also include anti-windup to avoid the possible error accumulation due 
to the integral action. 
 
The obtained Simulink® models are shown next. Figure 4.10 shows the 
configuration of the entire controller, and Figure 4.11 shows in detail the model of 
the PI controllers.   
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Figure 4.10 Simulink® block diagram of the control 
 

 

Figure 4.11 Simulink® block diagram of a PI controller 
 

The parameters of the PI controllers are first approached obtained via direct 
synthesis (see Appendix A). The values obtained are shown in Table 4.5.  
 

Table 4.5 Estimated values for the PI controllers parameters 

Parameter X motor Y motor 
kpc 0.038 0.0076 
kic 1.24 0.248 
kps 0.1 0.0012 
kis 0.2 0.0047 

 
These values are manually adjusted later, as the performance obtained with the 
estimated values is not correct. 

 

 4.5  Simulated System 
The performance of the system is simulated and results obtained are as follows. 
 
For the X movement the final parameters for the controller can be seen in Table 
4.6. 
 

Table 4.6 Parameters for X motor controller 

 Current Controller Speed Controller Position Controller 

kp 1 4 100 
ki 3 7 - 

 
The response of the system is shown in Figure 4.12. The black signal is the 
trajectory reference, and the orange is the position of the motor that reaches the 
reference in 0.5 seconds. As can be seen, there is a remaining error (see Figure 
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4.13), but the control offers a good track of the reference. It is considered a good 
first approximation that shows how the system will behave.  
 

 

 Figure 4.12 Simulated position (orange) and reference (black) for the X movement 
 

 
Figure 4.13 Tracking error 

 

 4.6  Hardware and Software Requirements 
Next development stage of this thesis is to build the control system as a physical 
system. The laboratory test set up has to be designed according to the 
requirements inferred from the description, specifications and model of the 
actuator.  
 
For the hardware part, the system has to be mobile, as it is planned to be integrated 
as part of a vehicle and used outside the laboratory. For the same reason, every 
electrical or electronic device that is to be used for the drive has to be able to work 
within a 12 V power supply, as it will be supplied by the onboard 12 V battery of 
the vehicle. It also has to complain with safety and electromagnetic compatibility 
(EMC) requirements, which make isolation and grounding of the different 
components very important to ensure a secure operation and to avoid the 
electromagnetic interaction that can affect the signal acquisition.  
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For the software part, it is important to bear in mind that the system has to be able 
to perform the control of the arm, but also to monitor its performance. The 
program or programs have to provide as well a graphical interface through which 
the observation of the different variables of the system is possible. The external 
manipulation of the control parameters have to be possible also. As it is conceived 
as a preliminary work in this field, it is desirable that the data is saved so it can be 
used for the analysis and further expansion of the project. It is important to choose 
a method and sampling period that are suitable for long testing periods.  
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5   Laboratory Test Set Up  

Previous chapter has given the theoretical design of the actuator system. In this 
chapter, the practical set up will be designed and implemented.  
 

5.1  Limitations  
The design and assembly of the laboratory set up is made according to the 
requirements previously defined. Nevertheless, it is conditioned by a few factors 
that have to be taken into consideration. The difficulties ensued from these 
limitations are responsible for some selections made throughout this phase, which 
by some means will influence the final results.   
 
 First point to mention is the time limitation of 5 months during which the entire 
system and tests have to be completed. Subsequently, the electromechanical 
actuator is designed as simple as possible in its first version for it to be tested 
within the specified time. Furthermore some components were not available in the 
laboratory at the beginning of the construction stage, and some modifications were 
made to accommodate the design to the accessible resources in the laboratory.  
 

5.2  Laboratory Set Up Design 
The laboratory set up for the drive system consists of the hardware and software 
parts that interact with each other.   
 
The hardware comprises the mechanical arm with its corresponding motors and 
position indicators together with a board consisting of the motor drives, safety 
components and other control and data acquisition devices. For the control and 
monitoring system, a CompactRIOTM architecture from National Instruments is 
chosen.  
 

The CompactRIOTM system mainly consists of two controllers and different input 
and output (I/O) modules; and it is programmed with National Instruments 
LabVIEWTM 2011. The final LabVIEWTM programs contain the code for 
commanding and monitoring the performance of the actuator. It includes a 
dynamic user interface that enables real time (RT) observation and external 
regulation of the different parameters involved in the operation of the system. 
Data saving procedures are as well implemented for further analysis after the 
practical evaluation.  

 
The diagram shown in Figure 5.1 summarizes the interaction between the 
hardware and software elements of the laboratory test set up. The input modules 
receive the feedback signals from the rest of the hardware (sensoring devices and 
motor drives). These measurements are sent to the controllers where the software 
runs. The programs use the feedback signals and other externally set parameters to 
calculate the control commands, which are sent back to the system through the 
CompactRIOTM output module.    
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Figure 5.1 Interaction between hardware and software elements of the laboratory test set up 
 

5.3  Hardware Environment 

5.3.1 Mechanical Arm 
The mechanical element to be controlled is the track-monitoring arm. A first 
version of the device is supplied for the laboratory set up, as its construction was 
not intended to be part of the project. Nevertheless, the configuration of the 
motors and position indicators is important for the design of the control board and 
the software program and thereby, is described next.  

Due to shipping times-related issues, the motors from Transmotec Sweden AB 
were not used in the practical set up of the project. Instead, they are substituted by 
two DC motors from DOGA S.A. These are rated for 12 V, 6 A and 45 rpm and 
able to deliver a torque up to 8 Nm at nominal conditions (DOGA S.A., 2011). 
The change in the rated output and input values of the motors with regard to the 
initial parameters led to some modifications. Instead of the previously described 
transmission system, worm gears integrated with the DC motors are used to 
simplify the conversion of the motor rotation to a linear movement in the X and Y 
axes. 
 
The movement in the X axis is obtained by directly fixing the arm to a platform 
that rotates with the X motor, and the angular scope is limited by a metal block 
(see Figure 5.2 (a)). The rotation of the Y motor was converted into an up-down  
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Figure 5.2 (a) and (b) Motion conversion mechanisms for the X (a) and Y (b) axis 
 

movement of the arm with an eccentric wheel, as shown in Figure 5.2 (b).  
 
Along with the motors, position sensors have to be included in the mounting of the 
mechanical arm, as they provide essential feedback for the control loop. The most 
suitable sensors for position control would be absolute encoders. Hence, the 607 
RHA model from Leine & Linde was selected. The encoder has 13 bits resolution 
and it uses EnDat interface for data communication (Leine & Linde, 2009). This 
characteristic requires specially designed hardware and software for the sensor to 
be used within the CompactRIOTM system.  
 
The EnDat encoders with the necessary additional equipment could not be 
commissioned due to software problems and therefore they were omitted in the 
experimental set up. Instead, two potentiometers are used. The potentiometers 
give information about the position of the arm, instead of the rotor position. For 
general development purposes, a third motor is mounted apart with an encoder, 
and the required software is included in the LabVIEWTM program in order to try 
the performance of the sensors, as they are intended to be incorporated in the next 
model of the mechanical arm.  
 

5.3.2 Control Board 
One of the main tasks of this thesis is the building of the control board that is 
assembled on a wooden platform. It can be divided in two branches with separate 
power supply (see Figure 5.3); one branch for the servo amplifiers and the other  

(b) 

Rotor shaft 

Arm 

Platform fixed to 
the rotor shaft 

Eccentric wheel 

(a) 

Rotor shaft 

Platform fixed to 
the rotor shaft 

Arm 

Block 
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Figure 5.3 Schematic of the control board 

 
for the CompactRIOTM. In this section, the choices made for the equipment are 
discussed. 
 
First elements to consider in the laboratory set up are the servo amplifiers that 
supply the motors. Several options were taken under consideration at different 
stages of the design process.  
 
A first option is to use the NI 9505 DC Brushed Servo Drive modules as they can 
easily be integrated in the CompactRIOTM architecture. Unfortunately, their 
maximum output current during continuous operation is 5 A (National Instruments 
Corporation, 2010a) which is not even enough to drive the motors at their nominal 
working point. A Sabertooth 2x25 was also tried due to its simple operation, 
reduced size and weight, and the potential to independently drive two motors with 
only one drive. This servo amplifier has a nominal current of 25 A and up to 50 A 
for peak loads (Dimension Engineering LLC, 2007). It was also discarded due to 
its lack of controllability. 
 
A demand on wider output range as well as additional monitoring functions for the 
motor current and speed, made the final choice to be two ElectroCraft SCA-SS-70-
30 servo amplifiers (see Figure 5.4). They are rated for 30 A and 2100 W power  
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Figure 5.4 ElectroCraft servo amplifiers 
 

output with peaks up to 60 A, and a 49 kHz generated PWM (ElectroCraft, Inc., 
2009). These amplifiers are set to operate on torque mode, where the process 
variable is the current drawn by the motors that varies proportionally to the control 
signal coming from the CompactRIOTM. 
 
Safety-related instructions demand the use of a metal plate and a capacitor 
between the power supply and the input - recommendation is 1000 µF/1A output 
(ElectroCraft, Inc., 2009). Thus, the drivers are mounted on a metal plate, and a 
10000 µF 400 V capacitor is connected to feed both amplifiers in parallel from the 
power source. Initial tests revealed that the servo amplifiers had problems with the 
low armature inductance of the DC motors, and therefore series extra inductors are 
added to the output of the drives.  
 
The selected servo amplifiers are, in turn, controlled by the CompactRIOTM 
system, that is as well in charge of the data acquisition tasks. The CompactRIOTM 
hardware (see Figure 5.5) consists of the following parts:   
 

• cRIO-9114 Reconfigurable Embedded Chassis. Is the physical support for 
the CompactRIOTM system, holds a Xilinx Virtex-5 LX50 Field-
Programmable Gate Array (FPGA) processor and 8 reconfigurable slots for 
I/O modules (National Instruments Corporation, 2009a). 
 

• NI cRIO-9022 Intelligent Real-Time Embedded Controller. 533 MHz RT 
processor, with two Ethernet ports that allow communication with the 
computer. (National Instruments Corporation, 2010b).  

 
• C-series modules: 

i. NI 9205 Analog Input (AI) Module. Each of its 32 channels (or 16 
channels if used in differential mode) reads a voltage input within ±10 
V. The resolution of the Analog-to-Digital Converter is 16-Bit, with a 
sampling rate up to 250 KHz (National Instruments Corporation, 
2008a). 
 

ii.  NI 9265 Analog Output (AO) Module. Each of its 4 channels provides 
an analog output current up to 20 mA with a 16-Bit resolution Digital-
to-Analog Converter, and a maximum load of 600 ohms on 20 mA 
operation (National Instruments, 2008b). 
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Figure 5.5 CompactRIOTM  hardware 
 

iii.  S.E.A cRIO EnDat Module.Third-party module featured with an 
EnDat interface for the reading of maximum three encoders.  

 
The actuator system is supplied with DC power. This drive system is powered by 
the 12 V onboard battery of a vehicle. Thus, despite later changes, the hardware is 
initially design to be supplied with a level of roughly 12 V.  
 
For the laboratory set up, a Delta Elektronika BV SM3540-DC Power Supply is 
chosen. Its voltage and current ratings are 35 V and 40 A respectively (Delta 
Elektronika BV, 1985). Initially, this source fed both the servo amplifiers and the 
CompactRIOTM system through the capacitor, but modifications were made to the 
extent that the construction moved further.  
 
Due to EMC problems, different power sources that independently feed the servo 
drives and the rest of the hardware are used. This is also motivated by the need to 
isolate the servo amplifiers. Thus, in case of fault they can be switched off without 
disconnecting the CompactRIOTM, as the power up and the deployment of the 
LabVIEWTM program requires an extra time during the testing process. 
Furthermore the coupled noise that appears in the acquired signals during the first 
trials could be reduced by splitting the power supply. 
 
A National Instruments PS-15 Power Supply is chosen to supply the 
CompactRIOTM devices as well as the potentiometers. This power supply is rated 
24-28 VDC and 5A (National Instruments Corporation, 2009b) what does not 
suppose any problem, as all the elements that are feed from the mentioned source 
have the potential to be supplied within this power level.  
 
In the last place, a circuit breaker is included to interrupt the power supply to the 
capacitor. A 25 A Circuit Breaker from Legrand GmbH is chosen. Rated for 12-
415 V operating voltage, its short-circuit capacity is 10 kA at 400 V.  
 
All the hardware components are placed on a wooden platform with the exception 
of the Delta Elektronika BV SM3540-D Power Supply that is expected to be 

C-series modules 

RT Controller  cRIO Chassis 
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replaced by the 12 V battery of the vehicle. Due to the specific environment that 
the system will be used in and the use of some particular components, special 
connections are also required for some elements: 
 

• 2x0.14 mm2 shielded cables are chosen for wiring the potentiometers, to 
reduce the coupled noise in the acquired signals.  
 

• Encoders need special connection to adapt the different pin out 
configurations of the sensor output and the S.E.A EnDat module input. A 8 
pin M12 cable plug is attached to the 17 pin M23 connector with 10 m 
assembled cable from Leine & Linde that directly communicates with the 
encoder. 

 
Figure 5.6 shows the final mounting for the control part (see Appendix B for 
details). 

 

 
 

Figure 5.6 Final configuration of the hardware set up 
 

5.3.3 Servo Amplifiers Interfacing 
Regarding the specifications of the drive system, the servo amplifiers are selected 
to operate as current controllers under torque mode, and they are commanded by 
the CompactRIOTM. Some adjustments in the electrical circuits are necessary to 
correctly handle the interfacing between the amplifiers and the NI 9265 AO and 
the NI 9205 AI modules, as the rated ranges for the I/O channels are different in 
each device.   
 
These tuning operations apply to the five I/O signals that communicate each 
ElectroCraft with the CompactRIOTM: Monitor I, Monitor n, Error, Enable and 
Set Value.  
 
Every output signal needs to be within the limits of -10 V to 10 V, which is the 
defined voltage range for the NI 9205 AI module. Thus, Monitor I and Monitor n 
outputs are directly wired to the module, as they both produce a voltage between 0 
and 10 V (ElectroCraft, Inc., 2009). On the contrary, the Error output works as an 
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open collector (ElectroCraft, Inc., 2009), and external circuitry is needed to 
transform the logic state of the open collector into a signal that switches between 
0 V and 10 V. A voltage divider is added using the amplifier +15 V output.  
 
Regarding the inputs, the signals come from the NI 9265 AO module that 
produces as much a 20 mA signal. Therefore, it is necessary to load the inputs so 
as to create the necessary voltage level for each one of them. The servo amplifiers 
turn on when at least 8 V are supplied through the Enable terminal (ElectroCraft, 
Inc., 2009). By means of using the internal 4.7 kΩ resistor to produce this 8 V, a 
current of 1.7 mA is required if the drives are enabled separately, or double if 
enabled in parallel. In any case, no additional circuitry is needed. For the (–)Set 
Value-(+)Set Value input, a voltage divider is used to transform the NI 9265 AO 
0-20 mA output current into the required ±10 V for the input (ElectroCraft, Inc., 
2009). With this adjustment, the amplifiers gain with respect to the 
CompactRIOTM analog output turns out to be 3000. A small offset is also 
measured, as the values for the resistors of the voltage divider are chosen as 
standard values. This implies that the 0 V point corresponds to 10.56 mA instead 
of 10 mA.  
   
Details on the electrical circuit calculations are further explained in Appendix B. 

 

5.4  Software Environment 
For the CompactRIOTM programming, software from National Instruments is 
used. The required software includes LabVIEWTM 2011, LabVIEWTM Real-Time 
Module, LabVIEWTM FPGA Module and LabVIEWTM NI-RIO 4.0 (National 
Instruments Corporation, 2012). In addition, the EnDat toolkit from S.E.A GmbH 
is used for the encoders reading.  
 
The software used is intended to create programs that are deployed in one or more 
RT targets, which in this case is the CompactRIOTM. The programs are 
commanded from the computer and the connection with the CompactRIOTM is 
done through the Ethernet via the IP address of the CompactRIOTM controller (see 
Figure 5.7). If the CompactRIOTM is connected to a router, it is configured with a 
dynamic IP address, and can be detected wirelessly. However, in the environment 
the drive system will be used in, wireless communication will not be available, 
and a static IP address is assigned for both CompactRIOTM and laptop, and they 
are directly connected to the computer with a crossover cable.  
 

 
Figure 5.7 Host to Target configuration for CompactRIO TM  (National Instruments 

Corporation, 2012a) 
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In order to understand how the CompactRIOTM is programmed, it is important to 
understand the architecture of the system. The CompactRIOTM devices are based 
on a hybrid architecture that combines a RT processor and a FPGA one, as can be 
seen in Figure 5.8. From the computer, communication is only allowed with the 
RT controller, which in turn, needs an FPGA to in parallel communicate with the 
different I/O modules (National Instruments Corporation, 2012b). This implies 
that the software developed for the CompactRIOTM system consists of two 
different types of programs, one for each of the two processors.  
 
The FPGA program handles communication with data acquisition and signal 
output devices, but user interaction, calculations, monitoring and data saving tasks 
are controlled by the other program, the RT program.  
 

 

 

 
 

Figure 5.8 NI RIO technology platform with hybrid architecture (National Instruments 
Corporation, 2012b) 

 

5.4.1 FPGA program 
The final FPGA program is organized into three parts, one for each I/O module 
that it will communicate with. There is a while loop for acquiring the signals from 
the NI 9205 AI module and another that sends the control outputs to the servo 
amplifiers through the NI 9265 AO module. The third part is the FPGA driver for 
the S.E.A EnDat module. This driver is provided by the manufacturer and, as 
recommended, is added to the FPGA program without any modification (Science 
& Engineering Applications Datentechnik GmbH, 2010). Figure 5.9 shows the 
configuration of the FPGA program. 

 

 
Figure 5.9 (a) Front panel of the LabVIEWTM FPGA program 
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Figure 5.9 (b) Block diagram of the LabVIEWTM FPGA program 

 

5.4.2 RT program 
The RT program contains the main code for the control. On the one hand, it 
handles communication with the computer, and on the other hand with the FPGA. 
Communication with the computer allows communication with user interface, 
external parameters manipulation and observation of the system evolution. It holds 
the control calculations and data saving procedures. Interaction with the FPGA 
program takes place through the “Open FPGA VI Reference” function. Hence, the 
FPGA program is automatically deployed when the RT one starts running. 
 
The RT program is organized in two different timed loops. The use of timed loops 
allows easy prioritization and timing of the different loops regarding the relevance 
of the tasks involved in each one of them, so that the speed of the main control 
tasks is not threatened. Communication between the different loops is handled via 
RT FIFOs and local variables.  
 
The Control and Signal Acquiring Loop receives the acquired signals from the 
FPGA, does the control calculations and sends the control commands through the 
FPGA. This is the faster loop and it runs every 2 milliseconds, as a sampling 
frequency of 500 Hz is considered more than enough.  
 
The other loop, the Communication with Display Loop, handles the 
communication with the display or front panel, which is designed as a graphical 
interface, allowing user interaction and monitoring of several system variables. 
This is the visible part of the software, from where the programs will be 
commanded (see Figure 5.10).  
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The front panel includes graphs for displaying position, position reference, 
velocity, PI signal and control output and error indicators. In addition, it allows the 
external adjustment of the different parameters for the PI controller and 
incorporates sliders for the position reference as the set point control is manual. 
Push buttons to enable and disable the drives and to start the data saving as well as 
a stop button are also included.  
 
All these operations produce a delay that should not be transferred to the main 
control. This is the reason why the important tasks, which should never 
communicate directly with the front panel, are enclosed into a different loop, the 
Control and Signal Acquiring Loop. This loop is prioritized over the 
Communication with Display Loop that runs slower, with a sampling time of 10 
milliseconds.  
 

 
Figure 5.10 Front panel of the LabVIEWTM RT program 
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6   Control Algorithm 

The control of the system is performed by the RT controller and the servo 
amplifiers. Therefore, the control algorithm is performed part by the LAbVIEWTM 
program and part by the hardware part. Figure 6.1 shows how the control 
algorithm is implemented in the system.  
 
 

 
 

Figure 6.1 Control algorithm 
 

Control starts working when the servo amplifiers are enabled with the Enable 
Drives push button located in the front panel and can be stopped at any moment 
by disabling the drives.  
 
The first part of the control is programmed in the Control and Signal Acquiring 
Loop of the RT program. A PI position controller is used. The initial idea was to 
implement a cascade control with PI controllers for the current and speed and a 
proportional control of the position. However, the inaccuracy of the velocity 
feedback moved the design towards a unified PI position controller that substitutes 
the PI speed controller and the proportional position controller.  
 
The “PID.vi” function from the Control Design and Simulation LabVIEWTM 
library is used. It is a PI controller with integral anti-windup to prevent possible 
error accumulation in the integrator. The values for the proportional and the 
derivative gains of the PI controller are set from the front panel. The velocity 
feedback is introduced later and used as a damping factor. As the velocity is 
directly derived from the position signal, the PI controller is converted into a 
proportional-integral-derivative (PID) one providing the control with the damping 
effect of the derivative gain. 
 
Due to the lack of true position feedback from the motor, the process controlled 
variable is the position of the end of the arm. The position is measured through the 
potentiometers. The signal acquired from the potentiometers is a voltage between 
0 and 8.5 V. In the Y movement, that is the only movement finally evaluated, that 
corresponds to a movement range of 4 cm in the point the measuring device is 
situated. The reference (in meters) is set manually via a slider placed in the front 
panel.  

LabVIEWTM program Hardware 
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The PI function calculates the current reference from the filtered position 
measurement and the reference and. The output of the controller is corrected with 
the velocity feedback and the 10.56 mA offset of the servo amplifiers. The result 
of the correction is limited so that the servo amplifier output does not exceed ± 25 
A to avoid faults, and sent to the drive through the CompactRIOTM AO module.  
 
The inner current control is performed by the servo amplifiers that receive the 
current reference from the CompactRIOTM and directly feed the motors. 
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7   Practical Evaluation 

7.1  Robustness of Test Program 
During the programming phase of the project and after the first evaluations of the 
system, several problems were faced that threatened the robustness of the test 
program. The most important are related to data saving and data acquisition. 
 
One of the challenges was to find a saving procedure able to handle a slew of data 
files without losing samples. The “Write to Measurements File” function was tried 
at the beginning but the analysis of the files revealed that the sampling was not 
equidistant. Moreover, this function introduced an important delay in the main 
control loop that ran slower than specified so its use was discarded. This problem 
was solved using TDMS (Transfer Data Management System) files instead. The 
TDMS are not time consuming functions as the “Write to Measurements File” and 
provide continuous sampling. The files are stored in the controller memory and 
downloaded via the CompactRIOTM FTP server. In order to analyze the data, the 
files are imported to Excel® using the TDM Excel add-in.  
 
The acquisition of the data with the NI 9205 AI module presented as well some 
problems. The position measurements obtained from the potentiometers had an 
important noise component. It also affected to the velocity, which is derived from 
the position, and so, presented an important distortion. To reduce the noise 
component a common ground was built for the metal mounting plate, the servo 
amplifiers and the capacitor. Besides, the potentiometers were wired with shielded 
cables.  
 
However, the noise problem was persistent and it could not be neglected, as the 
acquired signals are used for feedback in the control loop. That reason motivated 
the addition of low-pass filtering to the LabVIEWTM program. The signals 
obtained after the filtering do not present the previous noise and can be used as 
feedback for the control loop with good results.  
 

 
Figure 7.1 Effect of the filter on the Y position measurement 
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Figure 7.2 Effect of the filter on the Y velocity measurement 
 
The effect of the filter on the position measurement is shown in Figure 7.1. As can 
be seen, filtering reduces the peaks of the original measured position (black) and 
makes the signal smoother (orange). For the velocity signal (see Figure 7.2), the 
result of the filtering (orange) is even more important when compared with the 
velocity obtained from the unfiltered position (black).  
 
Additional problems with signal acquiring where encountered in the Monitor I and 
Monitor n feedback from the servo amplifiers. The signals were not accurate 
enough and an exact measurement was not possible. Unfortunately, this problem 
could not be solved, but as the signals are not essential for the control they are not 
used in the final evaluation. 

 

7.2  Y-axis Control 
The practical evaluation of the control system was carried out for the Y axis. 
During the testing, different parameters are varied in order to measure the 
response of the system. The reference position is set manually around the medium 
value (0.02 m) that corresponds to the horizontal plane, where the relation 
between the position measurement and the motor rotation is more linear. Results 
obtained suggest that the actuator system is not able to perform an adequate 
control for the position of the arm and does not follow the reference as required. 
 
Best performance is obtained with the introduction of velocity feedback that offers 
a damped response, and reduces the oscillations of the system, positioning the arm 
around the point of reference. As can be seen in Figure 7.3, the left part of the 
graph corresponds to the performance without velocity feedback. The actual 
position (orange) does not reach the reference (black) and the position is not 
controlled. In the right, the velocity feedback factor is increased until 0.04, and its 
damping effect can be observed.  
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Figure 7.3 Position reference (black) and actual position (orange) with velocity feedback 
 
As can be seen, the velocity feedback leads the system to follow the reference 
better. Nevertheless the actual position is below the reference, and it never reaches 
the steady state. Figure 7.4 is an amplification of Figure 7.3 and shows in detail 
the performance of the system with velocity feedback. It is observed that there is 
no steady state and the oscillations correspond to a remaining vibration of the 
mechanical arm. This vibration is traduced into a fault of the servo amplifier after 
a certain time. Velocity feedback factor cannot either be increased since that 
produces the failure of the servo drive as well. 
 

 
Figure 7.4 Position reference (black) and actual position (orange) corresponding to the 

vibration of the arm 
 

It is worth to mention that the design of the mechanical arm produces this 
vibration which highly affects the control. The motor can be controlled without 
the mechanical arm following the reference and without producing any error of the 
servo amplifier. However, due to the lack of true position feedback for the motors, 
the position cannot be registered for detailed analysis. 
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The control of the motors is affected to a great extent by the inaccuracy of the 
position measurements and the non-linear relation between the position 
measurement and the rotation of the motor. Therefore, due to the lack of encoder 
position feedback and due to mechanical weaknesses, the developed system is not 
good enough to control the position of the mechanical arm. The improvement of 
the design of the mechanical arm and the addition of encoder feedback will 
enhance the performance of the system.    
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8   Conclusion and Future Work 

8.1  Final Conclusions 
This thesis has aimed to design and build a search and locate drive system for 
electrical roads with a position control in two axes. Yet, due to different 
limitations, the final construction does not match the initial design and the position 
control is not possible with the current characteristics of the system. The encoders 
could not be included in the practical set up and the control could only be 
evaluated in one of the axes.  
 
Results suggest that the influence of the mechanical design of the arm, the non-
linearity of the system and the lack of an accurate and true position feedback for 
the rotor position are the main reasons for the bad performance of the system.  
 
In conclusion, it can be said that the design for both hardware and software can be 
improved in the future. Nevertheless, the results obtained can be considered as a 
good starting point, and the work carried out throughout the thesis constitutes 
solid groundwork for further development. 
 

8.2  Future Work 
This project establishes the preliminary work for future research in this area that 
will lead to the attaining of a suitable track-monitoring system for electrical roads 
actuators. After the analysis of the results, it becomes obvious that there is still a 
lot of work to do until the ultimate goal is reached. Some suggestions can be made 
for design improvements and further expansion of the project. 
 

• Substitute the potentiometers with encoders that can provide the system 
with a true and accurate position feedback. The precision of the control 
will be enhanced as the process variable will directly be the motor rotation. 

 
• Rail detectors may be used for trying automatic positioning of the system. 

 
• Servo amplifiers should be tried without the inductors that increase the 

time constant of the system making it slower. The drives interfacing can be 
also improved in order to enhance the quality of the signals that are sent to 
the CompactRIOTM as well as the acquired ones. The Monitor I and 
Monitor n outputs can provide valuable feedback for the control system.  

 

• Software RT program may be customized to accommodate and 
synchronize the encoder module. Sampling times should be adapted to the 
different sampling frequencies of the several modules. Data saving 
procedures can be refined for longer testing times without data loss. 

 
• Future development should include measures of acceleration and vibration 

in life conditions outside the laboratory, so the control can be adapted for 
real operation in the environment it is intended to work in. 
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App. A Model Calculations 

A.1 Calculation of DC Motors Parameters 
The motors selected for the control have the following parameters specified by the 
manufacturer and summarized in Table A.1 
 

Table A.1 Motor data for WHD80175 (Transmotec Sweden AB, 2010) 

Parameter Transmotec WHD80175 
r 10:1 

Vn 12 V 
Tn 0.68 Nm 
nn 3200 rpm 
In 23.2 A 
n0 3600 rpm 
I0 4.2 A 
Pn 

Stator Configuration 
235 W 

Permanent Magnet (PM) 
Gear weight 5 kg 

 
For the model of the DC motors, additional information about armature inductance 
La, armature resistance Ra, inertia J, flux linkage =, and viscous friction constant B 
is needed.  
 
For commercial DC motors, the flux linkage can be calculated from the no load 
operation: the no load current is negligible and using Equation 4.11, V≈E. Then, 
applying Equation 4.12 for no load conditions, it yields: 

B ≈ = ∙ �- Equation A.1 
 
With the values of V and n0 from Table A.1, = = 0.032. 
 
The value of Ra can be calculated from voltage, and the starting current, IA (current 
drawn by the motor when the rotor shaft is locked) (Maxon Motor AG, 2012):  

;� � B/DE Equation A.2 

 
The starting current can be found from the stall torque (the starting torque) 
(Maxon Motor AG, 2011): 

&F � = ∙ DE Equation A.3 
 

To find the value of the starting torque, the slope of the torque-speed curve of a 
DC motor is used. As can be seen in Figure A.1 the slope of the curve can be 
derived from both Equation A.4 and Equation A. 5 (Maxon Motor AG, 2011): 

∆G
∆& � G'

&F
 Equation A.4 

∆G
∆& � G- − GH

&H
 Equation A.5 
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Figure A.1 Speed-torque curve of a DC motor (Maxon Motor AG, 2011) 
 

From Equations A.2 - A.5 the value of Ra can be calculated, and turns out to be 
0.062 Ω.  
 
For the calculation of the total inertia, the contribution of the motor is negligible 
compared to the inertia of the load, and thus, it is not taken into account. As the 
motor has an internal gear ratio equal to 10, the final equivalent inertias for each 
motor are obtained dividing the values shown in Table 4.2 (1.6·10-1 for X motor 
and 9.3·10-3 for Y motor) by the square of the internal gear ratio. Then, the final 
inertia for X motor is equal to 1.6·10-3 kg·m2 and for the Y motor is 9.3·10-5 
kg·m2. 
 
The viscous friction is more difficult to obtain. It is rather non-linear but for a 
simple analysis it is possible to approximate it as a constant, B. The viscous 
friction, B, together with the polar moment of inertia, J, gives the mechanical time 
constant (τm) of a DC motor as (Harnefors, Hinkkanen & Luomi, 2012):    

I� �
 

A
 Equation A.6 

  
The time constant of the system can be obtained from a roll-out test but as the 
mechanical actuator is limited in position, this cannot be performed on the lab set-
up. Instead visual inspection has given a rough estimate of the time constant to be 
0.3 sec. Equation A.6 gives that the viscous friction for the X-direction is 0.0053 
kg·m2/s. Estimation of a viscous friction in the Y-direction is almost impossible 
due to the eccentric movement of the arm. 
 
For the value of La, it is taken into account that the electrical time constant of a 
DC motor is equal to the ratio between the armature inductance and the armature 
resistance (Harnefors, Hinkkanen & Luomi, 2012):   

I$ �
2�

;�

 Equation A.7 

 

As a rule of thumb, for most DC motors,	I$ < 0.1 ∙ I� (ElectroCraft, Inc., 1980). 
In the worst case,	I$ � 0.1 ∙ I�. Taking this into account and with Equation A.7, 
an approximation of the armature inductance can be done using: 

2� � I$ ∙ ;� Equation A.8 

 
With τm= 0.3 sec an approximate value of La is estimated to be 1.9 mH. 
 

nn 

Tn 
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A.2 Calculation of PI Controllers Parameters 
For the controller parameters calculations, the direct synthesis method is used. 
This method mainly consists of comparing the desired final transfer function for 
the closed-loop control with the actual one, and identifying the parameters of the 
PI controller.  
 
The transfer function of a PI controller is given by (Harnefors, Hinkkanen & 
Luomi, 2012): 

K�7� �
LM ∙ 7 . LN

7
 Equation A.9 

 
For the current controller, the closed-loop diagram is shown in Figure A.2:  

 

 
Figure A.2 Closed-loop for the PI current control (Harnefors, Hinkkanen & Luomi, 2012) 

  
where Gm is the transfer function of the DC motor from V to I:  

O��7� �
1

;� . 2� ∙ 7
 Equation A.10 

 
A good start is to choose the desired closed-loop function as a first order one 
(Harnefors, Hinkkanen & Luomi, 2012): 

P�7� �
�Q

�Q . 7
 Equation A.11 

 
with α the desired bandwidth for the current control that can be chosen according 
to Equation A.12 (Harnefors, Hinkkanen & Luomi, 2012): 

� �
RG9

�T

 Equation A.12 

 
where tr is the desired rise time.  
 
On the other hand, M can be expressed as:  

P�7� �
K�7� ∙ O��7�

1 . K�7� ∙ O��7�
 Equation A.13 

 
Identifying Equation A.11 and Equation A.13, the parameters for the PI current 
controller are given by (Harnefors, Hinkkanen & Luomi, 2012): 

LMQ � �Q ∙ 2� Equation A.14 

LNQ � �Q ∙ ;� Equation A.15 
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With a similar procedure, the parameters for the speed PI controller are obtained 
from (Harnefors, Hinkkanen & Luomi, 2012): 

LM! �
�! ∙  
=  Equation A.16 

LN! � �!� ∙  
=  Equation A.17 

 
As a rule of thumb, for a system with position cascade control, the relation 
between the bandwidths of the different loops is (Harnefors, Hinkkanen & Luomi, 
2012): 

�Q ≥ 10 ∙ �! ≥ 100 ∙ �M Equation A.18 

 
For the system designed within this project, the desired rise time for the X motor 
is 0.2 seconds. For the Y motor, the movement lasts 0.4 seconds, so the control 
should be faster, and the rise time is chosen to be 0.04 seconds.  
 
According to the previous equations, Table A.2 shows the estimated values for the 
controller parameters.  
 

Table A.2 Summary of the calculation of the controller parameters 

Parameter X motor Y motor 
αc 20 4 
kpc 0.038 0.0076 
kic 1.24 0.248 
αs 2 0.4 
kps 0.1 0.0012 
kis 0.2 0.0047 
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App. B Laboratory Set Up Details 

B.1 Laboratory Set Up Diagram 
 

 

 

 
 
 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
(1)(DOGA S.A., 2011) 

(1) 
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B.2 List of Materials 
 

Table B.1 List of material for hardware set up 

Identifier n o Material Demanded Units 
1 12V DC Motors 3 
2 Potentiometers 2 
3 Absolute Rotary Encoder 1 
4 Wooden board 1 
5 Servo Amplifiers 2 
6 Metal Mounting Plate 1 
7 Capacitor 1 
8 Extra Inductors 2 
9 CompactRIOTM Chassis 1 
10 CompactRIOTM  RT Controller 1 
11 Analog Input Module 1 
12 Analog Output Module 1 
13 EnDat Encoders Module 1 
14 Power Supply 2 
15 Circuit Breaker 1 
16 Cables N/A 
17 Resistors N/A 
18 17 pin M23 connector with assembled cable 1 
19 Cable plug 8 pin M12 connector 1 
20 Pluggable Terminal Strips N/A 
21 DIN Rail 1 
22 PC 1 
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B.3 Servo Amplifiers Circuitry 
Figure B.1 shows the additional electrical circuits that are built for the servo 
amplifiers. “AO”  and “AI”  designate the number of output or input of the 
CompactRIOTM NI 9265 AO or NI 9205 AI modules.  

 

 
Figure B.1 Servo amplifiers circuitry 

 
The values of the resistors for the Error, Enable and Set Value signals are 
calculated as follows.  

The Error terminal is an open collector (ElectroCraft, Inc., 2009). To easily 
translate the logic state of an open collector, a pull-up resistor can be connected 
between the output and a fixed voltage source. The output is 0 V when there is any 
fault; while no error occurs the transistor is disabled and the output becomes equal 
to the voltage supply. As the available voltage supply from the servo amplifier is 
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+15 V, the signal would exceed the allowed range for the NI 9205 AI module. 
Instead, a voltage divider is used (see Figure B.2)  
 

 

Figure B.2 Error  output 
 

The maximum output when the transistor is disabled is 10 V: 

10	B � ;�
;� + ;V

∙ 15	B → ;� � ;V
0.5

  

 
For R1 a normalized 4.7 kΩ resistor value is chosen. Then, R2 ≈ 10 kΩ.  
 
The servo amplifier remains disabled until a voltage of at least 8 V is applied to 
the Enable input. This voltage has to be produced from a current signal that can 
vary between 0 and 20 mA. As the current is desired to be as small as possible, the 
input is calculated for the minimum voltage required, which is 8V. Using the 
internal resistance of the Enable terminal (ElectroCraft, Inc., 2009), the necessary 
current level is 1.7 mA. Both drives are enabled using the same signal from the 
CompacRIOTM , which becomes 3.5 mA current (see Figure B.3).  
 

 

Figure B.3 Enable Input 
 

In the last place, for the Set Value control signal, the current command from 0 to 
20 mA has to be converted to a voltage that varies within -10 V and 10 V. Taking 
into account the value of the internal resistance (ElectroCraft, Inc., 2009) a voltage 
divider is calculated in the medium point, so 10 mA is equivalent to 0 V (see 
Figure B.4). 
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Figure B.4 (-)Set Value – (+)Set Value input calculation 

 
For the negative terminal, R2 is selected as a 4.7 kΩ standard resistor. The voltage 
drop across R2 is 5 V and the current results 1.064 mA. The voltage drop in the 22 
kΩ resistor is 2.5 V and the current 0.114 mA. Therefore, the current across R1 is 
1.178 mA and the value of R1 results 8.48 kΩ for a voltage drop equal to 10 V. 
The value is accommodated to standard resistors and the final configuration is 
shown in Figure B.5. 

 

 

 Figure B.5 (-)Set Value – (+)Set Value input final configuration 

B.4 Servo Amplifiers Gain 
The gain of the servo amplifiers with regard to the CompactRIOTM current 
command was obtained loading one of the drives with 1Ω and measuring the 
current output through the resistor. The results from the test are shown in Table 
B.2. The intention was to measure the gain within the non-saturation zone that 
corresponded to a current input between 8 and 12 mA, where the response was 
linear (see Figure B.4).  
 

Table B.2 Input and output current for the servo amplifiers gain test 

Input current (A)  
to the servo amplifier 

Output current (A) 
 from the servo amplifier 

0.00797428 -5.25 
0.00874598 -3 
0.00926045 -1.45 
0.00990000 0.28 
0.01118970 4.05 
0.01151130 5 
0.01196141 6.72 
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Figure B.6 Servo amplifiers Gain Test 
 

O5:G �
6.72 − 5.25

0.0119614 − 0.00797458 = 3002,167  
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