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Sammanfattning 
I den här rapporten har ett system för ”Rapid Control Prototyping”, RCP, utvärderats. Som grund 
till utvärderingen ligger en implementering av motorstyrnings metoderna ”Field Oriented 
Control”, FOC och ”Space Vector Pulse Width Modulation”, SVPWM. Tyngdpunkten i 
utvärderingen ligger på tidsåtgång och utnyttjandegrad av hårdvaran och användarvänlighet hos 
mjukvaran. 

ABB Corporate Research i Västerås håller på att bygga upp ett nytt laboratorium. Laboratoriet 
ska användas för design av mekanik och rörelsestyrning. Ett vanligt robotsystems 
kontrollstruktur ska sammankopplas med ett system för RCP vilket ska möjliggöra att 
algoritmer, på ett snabbt och enkelt sätt, kan ändras på olika nivåer i systemet. 

Systemet som utvärderas i den här rapporten kommer från National Instruments och består av 
LabVIEW Real-time och FPGA moduler som mjukvaruverktyg. Hårdvaran är utvecklingskortet 
NI Single-Board RIO (Reconfigurable Input Output), sbRIO, som inkluderar en Field-
Programmable Gate Array, FPGA, från Xilinx och en mikroprocessor från Freescale 
Semiconductors. Grafisk programmering sker i LabVIEW-miljön. LabVIEW FPGA-koden 
kompileras via Xilinx verktyg till VHDL-kod. 

Rapporten inkluderar en förstudie som utreder begreppet RCP och undersöker vilka olika system 
det finns för RCP och vad deras respektive egenskaper är. Teori för FOC och SVPWM ingår 
också i förstudien. 

En implementering av motorstyrningssystemen FOC och SVPWM gjordes i LabVIEW-kod. 
Koden exekverades på sbRIO-kortet och via gränssnittskort och drivkretsar kunde motorer 
styras. I utvärderingssyfte skapades flera olika versioner av koden. 

RCP-systemet utvärderades med resultatet att systemet är lovande men att den använda 
hårdvaran, speciellt FPGA:n, inte är tillräcklig för den här applikationen. Tidskritiska 
beräkningar måste utföras på FPGA:n eftersom att kommunikationen mellan mikroprocessor och 
FPGA tar för lång tid. Om hårdvaran uppgraderas med en kraftfullare FPGA med mer 
programmerbar logik, så skulle systemet vara användbart i det tänkta sammanhanget. 
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Abstract 
In this report a system for Rapid Control Prototyping, RCP, is evaluated through an 
implementation of the motor control methods Field Oriented Control, FOC, and Space Vector 
Pulse Width Modulation, SVPWM. The evaluation emphasizes on time-consumption and 
resource utilization on the used hardware and on usability for of software. 

A new mechatronic laboratory is under development at ABB Corporate Research in Västerås. It 
will be used for both mechanical and motion control design using existing and new hardware. 
The control structure in a traditional robot system will be interfaced to a rapid prototyping 
system which should allow easy changes to algorithms at different levels in the system. 

The system designated for this project comes from National Instruments and constitutes 
LabVIEW Real-time and FPGA module as the software tools. The hardware is a NI Single-
Board RIO (Reconfigurable Input Output), sbRIO, development board including a Field-
Programmable Gate Array, FPGA, from Xilinx and a microprocessor from Freescale 
Semiconductor. Graphical programming is performed in the LabVIEW environment, and 
through Xilinx tools the LabVIEW FPGA code is compiled to VHDL code. 

A pre-study was carried out to clarify the concept of RCP and investigate different systems for 
RCP and their traits. The theory behind FOC and SVPWM is also included in the theory part of 
the thesis. 

FOC and SVPWM were implemented in LabVIEW code in the modules FPGA and Real-Time. 
The code executed on the Single-Board RIO and through interface cards and drive circuits 
motors were controlled. To evaluate the time-consumption and resource utilization, different 
versions of the code were implemented. 

The result of the evaluation is that the RCP system is promising to use in this context, but that 
the used hardware is not sufficient, especially not the FPGA. The time critical calculations have 
to be executed on the FPGA since the communication between the microprocessor and the 
FPGA is too time-consuming. If the hardware in this RCP system is upgraded with a larger 
FPGA, the system will be suitable for this application. 
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1. INTRODUCTION 
This chapter presents the background, the purpose and the method used in this thesis work. 

1.1 Background 
A new mechatronic laboratory is under development at ABB Corporate Research in Västerås. 
It will be used for both mechanical and motion control design using existing and new 
hardware. The control structure in a traditional robot system will be interfaced to a rapid 
prototyping system which should allow easy changes to algorithms at different levels in the 
system. 

ABB Corporate Research’s interest is to investigate different possibilities to adapt the 
concept of Rapid Control Prototyping (RCP) and evaluate the potential to replace or 
complement existing methods for developing and refining new control algorithms with a 
RCP system. 

1.2 Purpose 
The objective of the thesis is to evaluate and start up new hardware and software for RCP. 
The evaluation emphasizes on time-consumption and resource utilization on the used 
hardware and on usability for of software. The system designated for this project comes from 
National Instruments and constitutes LabVIEW Real-time and FPGA module as the software 
tools. The hardware is a NI Single-Board RIO (Reconfigurable Input Output) development 
board including a Field-Programmable Gate Array FPGA, from Xilinx and a microprocessor 
from Freescale Semiconductor. Graphical programming is performed in the LabVIEW 
environment and through Xilinx tools the LabVIEW FPGA code is compiled to VHDL code. 

Implementing or testing a new control algorithm on a real system is often a quite complicated 
and time consuming process. The process typically includes simulation modeling followed by 
converting the model to for example C, Assembly or VHDL code. The idea with the RCP 
method, under evaluation in this thesis, is to have a graphical programming interface, which 
gives a good overview, automatic code generation from the LabVIEW environment to the 
FPGA and the microprocessor. The concept also includes a user interface that makes it 
possible to monitor behavior and to change parameters during run-time of an algorithm. The 
method has the potential to make the algorithm development more efficient but also to make 
the process available for those who do not have knowledge in low level programming, 
especially FPGA programming which is usually performed in VHDL or Verilog. 

1.3 Method 
A pre-study was performed to clarify the RCP-concept and to investigate what different 
systems for RCP there is and their features and advantages. The pre-study also includes the 
basics of robot control. 

Familiarization with the chosen system was achieved through tutorials [1] and [2]. The 
tutorials include exercises that targets learning of the development board with daughter board 
and the software environment; LabVIEW Real-Time and FPGA module. Typical tutorial 
tasks are communication between Real-Time and FPGA applications, simple IO interactions 
like Pulse Width Modulation, PWM, generation and PWM measurement. 

The evaluation of the system is based on an implementation of a Field Oriented Control 
(FOC) motor control system with Space Vector Pulse Width Modulation carrying out the 
physical signals. The FOC implementation was programmed in LabVIEW Real-Time and 
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FPGA code. Different code parts were moved between the FPGA and the Real-Time target to 
evaluate factors like time consumption for the Real-Time target and amount of resources 
allocated on the FPGA. The objective of the control system is to control up to 6 motors. This 
was to be achieved by a step by step process which implies that in the first instance one 
motor is to be controlled and then the system can be extended with additional motors. 
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2. FRAME OF REFERENCE 
This chapter presents the basics in Robot Control and explains the concept of Rapid Control 

Prototyping. In addition a selection of different systems for Rapid Control Prototyping is 

featured. Also presented in this chapter is the theory of the motor control methods Filed-

Oriented Control and Space Vector Pulse Width Modulation 

2.1 Robot Control 
Control theory and modeling is essential when dealing with industrial robots. The chain from 
planned to executed motion is long, complex and consists of several joints, joint actuators 
and sensors that will affect the motion of the manipulator and the end-effector. The control 
system is critical to ensure that the robot end-effector carries out the right motion within 
given tolerances. An advanced analysis of the robot, which considers the characteristics of 
the mechanical structure, sensors and actuators, has to be performed. With the knowledge 
gained from the analysis, a mathematical model can be derived, which the control system will 
rely on when calculating signals to the joint actuators [3]. 

2.1.1 Modeling and identification 
In [3] it is stated that in order to attain a high-performance model-based motion control, the 
following steps have to be performed: 

� Kinematic and rigid-body dynamical modeling of the robot 
� Obtaining model parameters via direct measurements and/or identification 
� Establish the correctness of the models and validating the estimated parameters 
� Deducing to what extent the rigid-body model covers the real robot dynamics and, if 

needed for high-performance control, the identification of the dynamics not covered 
by the derived model 

The kinematic modeling of the robot concerns the description of the robot motion in regard of 
a fixed Cartesian coordinate system. In kinematic modeling, the torques and forces that 
induce the motion in the robot are ignored. The kinematic robot model is a mapping between 
task space and the joint space, where task space is the Cartesian coordinates and orientation 
of the end-effector and joint space is defined by the joint coordinates and angels or 
displacement of the joints [4]. Two main issues are to be considered when analyzing 
kinematic of robots: the forward/direct kinematics and the inverse kinematics. Forward 
kinematics concerns mapping from joint to task space and is an algebraic method to describe 
the end-effector motion as a function of the joint motion. Inverse kinematics describes the 
opposite mapping and its solution is important to transform the desired motion of the end-
effector to the corresponding motion of the joint. The inverse kinematics reveals singular 
configurations that must be kept away from during robot motion. Both the direct and the 
inverse kinematics can be represented as either recursive or closed-form algebraic models. 
Dealing with real-time control, the closed-form models are usually preferable since high 
accuracy of computation can be achieved faster [4]. 

The kinematic model of the robot system composes a base for general systematic derivation 
of its dynamics. A model of the dynamics gives a relation between joint motions, speeds and 
acceleration to applied control inputs; forces/torques and current/voltages [4]. 

2.1.2 Control 
The purpose of a motion control system in an industrial robot is to make it possible for the 
robot to perform precise or sufficient delivery of a reference robot trajectory (path motion). 
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The trajectory is performed by the robot end-effector in the space where the robot performs 
its motion tasks, called operational space. The orientation and position of the robot end-
effector in operational space can be fully distinguished with at most three Cartesian and three 
angular coordinates. Therefore the highest dimension of operational space is six [5]. 
Depending on which task is to be performed the motion can be specified for the individual 
joints or directly at the end-effector. In a simple pick-up, move and release task it is usually 
good enough and convenient to only specify pick-up and release spot for the robot end-
effector. In another more advanced robot task it can be required that the end-effector closely 
follows a desired trajectory. As said earlier it is via the inverse kinematics mapping that the 
reference stated operational space is ported to joint space. In joint space the mapped 
references are realized by servo control loops in the joints [5]. 

2.1.2.1 Performance criteria 
The performance of the control system can be defined by a few different criteria. Among 
these is the customary precision in following a reference motion. The direct kinematics 
(mapping from joint to operational motion) is highly nonlinear, which results in some issues 
needed to take into consideration. One example is that a very high precision in following the 
reference motion by the joints does not have to imply that the motion of the end-effector is 
satisfactory in the operational space [5]. 

Another performance criterion is the control bandwidth which can be described as a range of 
frequencies contained in the control input. A high value of the bandwidth implies that the 
control system has the capacity to realize faster motions [5]. 

Stability and robustness might not be called performance criterions but are nonetheless 
important attributes of the robot control system. The stabilization problem of robot motions 
can be solved with a feedback control component. The motion control is considered to be 
robustly stable if stability can be maintained in spite of influence from disturbances and 
uncertainties in robot dynamics. Two different forms of uncertainties can be deduced: The 
first is parametric, where physical values of inertia and friction are not known exactly. The 
other form of uncertainty is due to not modeled dynamics; for example friction and 
flexibility. An example of disturbance is quantization noise, which typically emerge in 
incremental encoders used as position sensors [5]. 

2.1.2.2 Control solutions 
PID (Proportional Integral Derivative) feedback controllers, and its variants, are commonly 
used control solutions. Most industrial robot manipulators have high gear transmissions and 
can therefore in good cause be described by linear and decoupled dynamics. Ordinary linear 
controllers are a good fit for such dynamics because of the low computational load and their 
efficiency in tuning. But linear feedback controllers are not suitable for all robot 
manipulators; in some cases controllers with higher performance are needed. In the wrong 
application the use of conventional linear feedback controller can lead to system instability 
and lack of damping of high-frequency disturbances [5]. 

2.2 Rapid Control Prototyping 
Rapid Prototyping, RP, is spread widely over different subject areas as a design concept. 
Rapid Prototyping can in general terms be specified as a design process where the line of 
action is to make prototypes early on. Rapid implies that the time from idea to realization 
should be short and the costs bound to the process limited. 
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The concept of RP has, during the last year, increased in popularity and is still advancing as 
methodology for control design in mechatronic systems RP in control design is what is 
referred to as Rapid Control Prototyping, RCP, in this paper. Computer Aided Design, CAD, 
tools can be, and are often, used in order to fulfill the requirements on the RP process. In the 
context of RCP the CAD tool is often abbreviated CACSD (Computer Aided Control System 
Design). CACSD tools typically consist of a graphical programming/modeling environment 
where the control system can be designed and often simulated. 

2.2.1 Visual, high-level programming and automated code generation 
Visual, high-level programming and automated code generation are the two key points of 
RCP. Visual, high-level programming gives a very good overview of a program and makes it 
easy to change variables and algorithms at different levels. The graphical program can also 
typically be simulated. Automated low level code generation from the graphical code or the 
simulation model is essential to get a fast step from change in theoretic simulated model to 
code running on the hardware. 

2.2.1.1 Safety concern 
One concern with automated code generation is the quality of the code. The automated code 
can typically not be used in safety critical devices. The problem is to make sure that the code 
reaches the safety requirements for the safety critical system. A widened verification of the 
code has to be carried out and in the verification process much of the complexity that the tool 
has automated will reappear. The verification may also require detailed knowledge about 
automatic code generation and the design of the tool, this information is usually not available 
in commercial software of this type [6]. 

2.2.2 Existing systems 
To investigate what different systems that are available for RCP, a brief survey was 
performed in relevant papers and on the different systems websites. The following systems 
came up and were found to be interesting to mention in this context. 

2.2.2.1 Visual Solutions Incoporated (VisSim) 
Visual Solutions Incorporated supplies the modeling and simulation language VisSim. 
VisSim as a block diagram language for creating complex nonlinear dynamic systems [7]. 
VisSim is suitable for modeling and simulation tasks and VisSim/Embedded Controls 
Developer is a model-based environment for developing of embedded control systems The 
programming/modeling is carried out through target-specific blocks. 

Amongst other features VisSim/Embedded Controls Developer provides automatic C code 
generation and supports the following Digital Signal Processor (DSP), Digital Signal 
Controller (DCS) and microcontroller targets from Texas Instruments, TI; TI F2833x, F280x, 
F281x, LF240x, C5510, C6713, MSP430 and associated development boards from TI, 
Spectrum Digital and SoftBaugh. 

2.2.2.2 National Instruments 
National Instruments provides a few different methods and modules that can be used in a 
RCP process. In the LabVIEW environment different systems are available for different 
targets: there is the DSP, FPGA, and Real-Time modules which are three LabVIEW-based 
modules used for modeling and graphical programming of targets that corresponds to the 
modules. The modules provide the possibility to via an automatic process download the code 
to the target of use, the code that is generated is optimized for the specific target. The targets 
are supplied by National Instruments. 
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National Instruments also supplies MATRIXx which is a system for model-based design, 
simulation, and embedded code generation. In MATRIXx the graphical system modeling and 
simulation is carried out by the SystemBuild tool. The automatic code generation is 
performed by the tool named AutoCode which compiles the graphic MATRIXx code into C 
or Ada code. During the control design process it is often desirable to validated the design 
with the real system this require hardware input and output as well as a system that can run 
the model in real-time. This is possible to do with the LabVIEW Real-Time module. 
MATRIXx SystemBuild models can be compiled into a Dynamic-Link Library, DLL, using 
MATRIXx AutoCode and LabWindows/CVI (C for Virtual Instrumentation). The created 
DLL can be run in LabVIEW Real-Time. 

2.2.2.3 MATLAB/Simulink 
There are several products that can be used in a RCP context, which are based on MATLAB 
and Simulink. 

Graphical modeling is performed with the tools MATLAB, Simulink and Stateflow. Simulink 
models can be made ready for automated code generation through the tools Real-Time 
Workshop and Real-Time Workshop Embedded encoder to generate C/C++ code. Target 
independent VHDL and Verilog code can be generated with the tool Simulink HDL Coder 
Stateflow Coder makes it possible to automatically generate C code from Simulink block 
diagrams and Stateflow systems. 

Together with dSPACE’s Real-Time Interface, these tools provide a transition from block 
diagram to dSPACE’s real-time hardware. 

2.2.2.4 Scilab/Scicos 
Scilab is a software package for numerical computation and is quite similar to MATLAB. 
Scicos is a tool in Scilab; it allows block diagram modeling and simulation and is comparable 
to Simulink. Scicos is equipped with a tool for automatic C–code generation. An interesting 
feature of Scilab is that it is distributed under the CeCILL license, which is a free software 
licence. Scilab is developed and maintained by the National Institute for Research in 

Computer and Control Sciences (INRIA). Scilab/Scicos can be combined with GNU/Linux 
with RTAI extension as a hard real-time operating system and thus create a RCP system 
solely based on free software licence see [8]. 

2.3 Field Oriented Control of Three-Phase Brushless DC Motors 
Field-Oriented Control (FOC) is a control method used for controlling brushless DC motors 
and induction AC motors. In this application the FOC is destined to control three-phase 
brushless DC motors with permanent magnet rotor rotating inside of the stator. In these three-
phase motors the currents should be controlled in each of the phase windings in the stator 
which in this case is the surrounding part of the motor. When a current runs through a 
winding a force is exerted on the current due to the permanent magnet in the rotor. The 
counter force to the exerted force causes the rotor to turn. 

Essential in FOC is the transformation of the currents in the motor windings into a rotating 
time invariant coordinate system. In the time invariant coordinate system the currents are 

called 
d

i  and 
q

i . The first current, 
d

i  is associated with stator flux and produces pure thrust to 

the motor bearings, [9]. The second current 
q

i  which is 90 degrees out of phase with the first 

produces a flux that either leads or trails the stator flux. If it leads, the flux provides a torque 
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to the rotor. If it trails the motor is running as a generator, [10]. To keep 
d

i  as small as 

possible and to use 
q

i  to get the desired torque or speed is the goal with FOC. 

 
Figure 1, control scheme for a Field-Oriented Control algorithm, [11]. 

As can be viewed in the control scheme in Figure 1, the Field-Oriented Control algorithm 

needs two constants as input references, and these are the currents 
q

i  and 
d

i . To control the 

two currents ordinary PI (Proportional Integral) controllers are suitable. Needed feedback 

signals to the FOC constitutes the currents in the three phase windings; 
a

i , iβ , 
c

i  see Figure 

2. Of these three currents only two have to be measured, the third current can be calculated 
according to equation (1) because the motor is star-connected. Same principle is applicable 
on the voltages and the flux in the windings as explained by Kirchhoff’s Law, [11]. The third 
feedback signal is the angle of the rotor θ. 

 

( ) ( ) ( ) 0

( ) ( ) ( ) 0

( ) ( ) ( ) 0

a b c

a b c

a b c

i t i t i t

V t V t V t

t t tϕ ϕ ϕ

+ + =


+ + =
 + + =

 (1) 
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2.3.1 Clarke transformation 
The Clarke transformation is used to transform the voltage or current references in the three-
phase system to references in a two-phase orthogonal system. In Figure 2 the three and two-
phase coordinate systems are visualized, in this case by the stator currents. The two-phase 
frame produced by the Clarke transform is represented by the axis α and β and the three-
phase representation is represented by the axis a, b and c. The relation between the two-phase 
and the three-phase system is presented in equation (2). The Clarke transformation is 
applicable in the same way to both voltages and currents in the phase windings. But the 
common way to use the Clarke transformation is to transform the currents as is done in 
Figure 1 and Figure 2. The inverse Clarke transform is used to do the reverse transformation: 
from the two-phase coordinate system to the three-phase system. The inverse Clarke is used 
as the last step when converting the α and β voltages references to the three-phase winding 
voltages a, b and c. In Figure 1 this is performed in SVPWM block. 

 
Figure 2, Clarke transformation: three-phase (a, b, c) and two-phase (α, β) current representation, [11]. 

 1 2

3 3

s a

s a b

i i

i i i

α

β

=



= ⋅ + ⋅


 (2) 
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2.3.2 Park transformation 
The Park transformation continues with the result from the Clarke transformation and 
transforms the two-phase orthogonal system; α, β to the d, q time invariant rotating reference 
frame. In the d, q coordinate system the d axis is always aliened with the rotor flux, which 
makes the coordinate system rotate as it follows the flux, see Figure 3 where θ defines the 
position of the rotor flux. With the definitions described above and shown in Figure 3 the 

current components 
sq

i  and 
sd

i  can be calculated according to equation (3). 

 
Figure 3, Park transformation: two-phase time dependent (α, β) and rotating (d,q) frame. 

 
sin( ) cos( )

cos( ) sin( )

sq s s

sd s s

i i i

i i i

α β

α β

θ θ

θ θ

= − ⋅ + ⋅


= ⋅ + ⋅
 (3) 

The inverse Park transformation is used to do the reverse transformation; from the two-phase 
rotating coordinate system to two-phase orthogonal representation. As is the case with the 
Clarke transformation the Park transformation is applicable for both currents and voltages in 
the phase windings. The standard implementation of the Park transformation is when 
converting the currents and the inverse Park transformation is used when converting voltages 
as is shown in Figure 1. 

2.4 Space Vector Pulse Width Modulation 
Space vector pulse width modulation (SVPWM) is the most common method of realizing the 
voltage references generated by the FOC. This is due to its proven ability to minimize the 
production of harmonic content, [11]. SVPWM is used in digital motor control to calculate 
PWM duty cycles. The duty cycles will control the switching devices in a three phase 
inverter, see Figure 4. Figure 4 also shows the measured feedback signals, in the figure called 

u
i  and 

v
i , which are the currents in two of the phase windings. The DC link notes the 

continuous inverter input voltage. 
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Figure 4, three phase inverter. 

The on/off sequence in the three phase inverter should be switched in such a way that there 
always is three switches on and three switches off. In order to prevent vertical conduction and 
short circuit the two switches controlling the same phase should never be on at the same time. 
To prohibit this from happening a dead time should be implemented. Dead time implies that a 
short delay occurs every time before a switch is turned on. This means that during the delay 
both switches, for one phase, are turned off. Considering this constraint there can be only 8 
different switching states. These 8 states correspond to eight different phase voltage 
configurations. Figure 5 shows the switching state 1,0,0 and all the 8 different switching 
states represented as vectors can be viewed in Figure 6. 

 
Figure 5, switching state 1,0,0. 

2.4.1 Duty cycle calculations 
The input for the SVPWM is the voltage reference vector, which in Figure 1 is specified in 
the time invariant d, q coordinate system and then through inverse park transformation in the 
α and β reference frame. The α and β components of the reference vector can be projected on 
two space vectors depending on which sector the reference vector is located. The sector can 
be determined based on the signs of the three reference phase voltages which are calculated 
from α and β components via inverse Clarke transformation. 



 11 

Figure 6 shows an example of a reference vector in sector 1 thus the vectors 6V  and 4V  

should be applied to the motor phase windings for fixed time periods 6T  and 4T . These time 

periods are determined by the linkage shown in equation (4) and (5). During the time period 

0T  the two zero vectors 0V  and 7V  are applied. The zero vectors produce zero line voltage 

thus the name zero vectors. 

 
Figure 6, definition of space vectors and sectors. 

 4 6 0T T T T= + +  (4) 

 64
4 6ref

TT
V V V

T T
= ⋅ + ⋅  (5) 

Since the reference vector is given in α and β components the time periods can be calculated 
according to equations in (6). 

 

6
6

64
4 6

sin(60 )

cos(60 )

ref

ref

T
V V

T

TT
V V V

T T

β

α


= ⋅ ⋅ °


 = ⋅ + ⋅ ⋅ °


 (6) 

It can be shown that the magnitude of all voltage space vectors is 2 / 3
DC

V . When this is 

normalized by the maximum phase voltage, phase to neutral, / 3
DC

V  the magnitudes of all 

voltage space vectors become 2 / 3 . Now the equations in (6) can be rewritten as in 

equations in (7). 
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6

4 ( 3 )
2

ref

ref ref

T T V

T
T V V

β

α β

= ⋅

= ⋅ ⋅ −
 (7) 

 

4

6

( 3 )
a ref ref

b ref

T
t V V

T

T
t V

T

α β

β

= = ⋅ −

= =

 (8) 

The time periods as fractions (
a

t  and 
b

t ) is explained by equations in (8) and can be viewed 

in Figure 7 where the PWM switching pattern for sector 1 (S1) is presented. The calculated 
PWM duty cycles can be implemented according to different patterns. The pattern used in 
this thesis is sometimes called symmetric sequence, it performs six commutations per 
sampling period (see Figure 7) and has been proven to have the lowest total harmonic 
distortion [12].  

 
Figure 7, PWM switching pattern in sector 1 (S1). 

The duty cycle pattern above is valid for the specific case when the voltage reference vector 

is positioned in sector 1, between voltage space vectors 4V  and 6V . Duty cycles for the other 

sectors are calculated similarly and are analogous to the example case presented above. 
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3. NI LABVIEW EMBEDDED PLATFORM EVALUATION KIT 
This chapter introduces the hardware and software used in this thesis. The LabVIEW 

environment with the modules Real-Time and FPGA as well as the development board are 

presented. 

3.1 Evaluation kit 
The LabVIEW Embedded Platform Evaluation Kit constitutes of the NI Single-Board RIO 
(sbRIO-9631) evaluation board with relating daughterboard for simple Input/Outout, I/O, 
interfacing. The graphical programming environment is a LabVIEW evaluation version with 
corresponding LabVIEW modules FPGA and Real-Time. 

3.1.1 NI Single-Board RIO (sbRIO-9631) and daughter board 
Single-Board RIO-9631 is a development board from National Instruments and is equipped 
with a Spartan-3 FPGA from Xilinx and a microprocessor from Freescale Semiconductor. In 
addition, there are a lot of Digital I/Os and some Analog I/O possibilities. The evaluation 
package also includes a daughter board with some simple I/O possibilities and features like 
potentiometer and encoder; this can be used in a learning process to do small and elementary 
interactions with the LabVIEW programming and user-interface environment. 

3.1.1.1 Specifications 

sbRIO-9631 

Table 1 shows selected specifications for the sbRIO-9631 development board and the 
appertaining daughter board. The development board with daughter board can be viewed in 
Figure 8. 

Network  

Network interface � 10BASE-T 
� 100BASE-TX 
� Ethernet 

Compatibility � IEEE 802.3 

Communication rates � 10 Mbps 
� 100Mbps 
� Auto negotiated 

Maximum cabling distance � 100m/segment 

FPGA – Microprocessor communication � PCI (Peripheral Component 
Interconnect) bus 

  

Memory  

Non-volatile memory � 128 MB 

System memory � 64 MB 

  

3.3 V Digital I/O  

Number of DIO channels � 110 

Maximum tested current per channel � 3 mA 

Maximum total current, all lines � 330 mA 

Maximum tested DIO frequency � 10 MHz 
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Analog Input  

Number of channels � 32 single-ended or 16 differential 
analog input channels 

ADC resolution � 16 bits 

Conversion time � 4.00 µs 

Nominal input ranges � ±10 V, ±5 V, ±1 V, ±0.2V 

  

Analog Output  

Number of channels � 4 

DAC resolution � 16 bits 

Output range � ±10 V 

Current drive � 3 mA 

Update time � 3 µs, 1 channel in use 
� 5 µs 2 channels in use 
� 7.5 µs 3 channels in use 
� 9.5 µs 4 channels in use 

Daughter board  

Features � 8 DIO channels 
� 5 switches 
� 4 push buttons 
� 2 AO 
� 6 AI 
� 1 turn potentiometer 
� 1 Quadrature encoder 

Table 1, specification for sbRIO-9631 board and daughter board data from [13]. 

 
Figure 8, sbRIO-9631 and daughter board marked with chosen properties. 
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Xilinx Spartan-3 FPGA 

The FPGA included at the evaluation board is a standard FPGA with some limitations in size 
and potential. Selected specifications can be viewed in Table 2. 

Spartan-3 XC3S1000  

System gates � 1 M 

Logic cells � 17 280 

CLBs (Configurable Logic Blocks) � 1 920, one CLB = Four Slices 

DCMs (Digital Clock Manager) � 4 

Dedicated multipliers � 24 
Table 2, specifications for the Spartan-3 XC3S1000 FPGA data from [13]and [14]. 

MPC5200B Microprocessor 

The 32-bit microprocessor from Freescale Semiconductor is based on the PowerPC 
architecture and has a processor speed of 400 MHz. More specifications and features of the 
microprocessor can be viewed in Table 3. 

MPC5200CVR400B  

e300 core � Superscalar architecture 
� 400 MHz 
� Double precision FPU (Floating-

Point Unit) 
� Instruction and Data MMU 

(Memory Management Unit) 

SDRAM/DDR Memory Interface � 32-bit data bus 
� SDRAM (Synchronous Dynamic 

Random Access Memory) and DDR 
(Double Data Rate) SDRAM 
support 

Architecture � PowerPC 
Table 3, specifications for the MPC5200B microprocessor data from [13]and [15]. 

3.1.2 Programming in LabVIEW 
NI LabVIEW is a graphical, high-level programming language generally used for data 
acquisition, measurements, tests, automation, and instrument control. The programming in 
LabVIEW is performed in applications called VIs (Virtual Instrument). The VI is composed 
of two primary elements; a front panel and a block diagram, which can be viewed in two 
separate windows. A third window is essential when programming in LabVIEW and that is 
the project explorer, where VIs and targets are gathered in a project. 

3.1.2.1 VI Block Diagram 
Programming in LabVIEW is carried out in the block diagram view where blocks are picked 
from the functions palette, which can be brought out through right clicking with the mouse on 
the block diagram. By holding the mouse over something on the functions palette a sub-
instance opens up. Context help is a help feature which is available both in the block diagram 
and the front panel; when the cursor is held over an element it shows a short description and a 
link to a detailed help for that element. Control is a variable in the VI that can be controlled 
from the front panel during runtime. Indicator is a variable in the VI that can be monitored in 
the front panel during runtime. Timed Loop is a loop that can execute the code inside it with 
a desired iteration period. The features described above can be viewed in Figure 9. 
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Figure 9, example of a LabVIEW Real-Time Block Diagram. 

3.1.2.2 VI Front Panel 
Figure 10 shows a LabVIEW Real-Time front panel. Values in the control boxes can be 
manipulated and the different indicators can be monitored during runtime. The front panel 
has several different possibilities to present data, more than is shown in Figure 10, for 
example graphs and diagrams. Like the block diagram the front panel window also gives the 
possibility to a short help text via the context help. 

 
Figure 10, example of a LabVIEW Real-Time Front Panel. 
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3.1.2.3 Project Explorer 
In the project explorer window all the parts of the project can be viewed and controlled. VIs 
can be added, created and deleted for each target. The project explorer also shows available 
I/O resources, DMA (Direct Memory Access) FIFOs (First In, First Out) if there are any, 
dependencies and build specifications. The features described above can be viewed in the 
example Project Explorer in Figure 11. 

 
Figure 11, example of a LabVIEW Project Explorer window. 
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3.1.2.4 Code compilation 
Figure 12 shows an example on a successful FPGA compile report. The compile report shows 
the utilization of the FPGA, for example Number of Slices. 

 
Figure 12, example of a FPGA compile report. 

3.1.3 Development process 
The development process in LabVIEW Real-Time and FPGA typically starts with 
programming in the FPGA VI from where the different I/Os can be reached. Then the FPGA 
VI has to be compiled which is carried out through software tools from Xilinx. The 
compilation time varies depending on the size of the program but the range can be from 
minutes to hours. When the FPGA VI is compiled a host VI can be created directly under the 
Real-Time target, this VI is destined to execute on the Microprocessor. When the code in the 
host VI is completed the application can be compiled and downloaded to the target. 

The communication between FPGA and Microprocessor is made possible through an internal 
PCI bus. Communication between the FPGA VI and the Real-Time VI can on the 
programming level be done in two ways. The first way is through the Read/Write control 
which simply allows the host VI to access controls and indicators in the FPGA VI. It is stated 
in the LabVIEW Help, [16], that when you need to transfer single data points as quickly as 
possible, such as when transferring data for control purposes you can use the Read/Write 
Control. The second way to communicate between FPGA and host is through DMA FIFOs. 
An advantage of DMA is that the host computer can perform calculations while the FPGA 
target transfers data to the host. A disadvantage of the DMA transferring is that it takes 
longer to initiate a data transfer using the DMA FIFO than it does using the Read/Write 
control. Therefore, DMA FIFOs make more sense for transferring large amount of data at a 
time, [16]. 
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4. IMPLEMENTATION 
This chapter presents the implementation of the motor control methods Filed-Oriented 

Control and Space Vector Pulse Width Modulation, which is the base for the evaluation of 

the Rapid Control Prototyping system featured in this thesis. 

4.1 Implementation of FOC and SVPWM in LabVIEW 
The FOC was implemented in LabVIEW modules Real-Time and FPGA with the sbRIO-
9631 as the hardware target, see chapter 3. Different versions of the FOC were implemented 
for evaluation purposes. The differences between versions were mainly the sharing of the 
code between FPGA and Real-Time VIs and target. In a first version, named 1.1, the code 
shown in Figure 13 and described in Table 4 was placed in a Real-Time host VI with the 
Real-Time Microprocessor as target. Figure 15 shows the version 1.1 code implemented on 
the the FPGA target. Figure 14 shows a topology over different levels in a robot control 
system, the Torque & Current Loops and PWM Generation level is the control level of the 
FOC and SVPWM handled in this report 

 
Figure 13, FOC and SVPWM version 1.1, LabVIEW Real-Time host VI. 

 
Figure 14, control levels, picture by Hector Zelaya De La Parra ABB Corporate Research. 
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 What Input Output 

1 Definition of the timed loop � Priority 
� Processor 
� Period 
� Offset 
� Timeout 
� Deadline 

� Iteration 
duration 

� Period 
� Finished late? 

2 Simulated angle input � Amplitude 
� Frequency 
� Phase 

� Sawtooth wave 

3 Reference values for 
sd

i  

and 
sq

i , controlled from 

front panel 

  

4 Number of pole pairs in the 
motor 

  

5 Sub VI with speed 
calculation, filter and 
discrete differentiator 

� Angle 
� Time difference 
� Filter coefficients 

� Angular speed 

6 Feed forward voltage 
calculation 

� Motor parameters 

� Reference 
sd

i  and 
sq

i  

� Time difference 
� Angular speed 

� Desired 
sd

u  and 

sq
u  

7 Inverse Park 
Transformation 

� Desired 
sd

u  and 
sq

u  

� Angle 

� Desired 
s

u α  and 

s
u β  

8 Simulated current feedback � Amplitude 
� Frequency 
� Phase 

� Sine waves 

9 Clarke and Park 
transformations 

� Feedback 
sa

i  and 
sb

i  � Feedback 
sd

i  

and 
sq

i  

10 FIR filter � 
sq

i  

� Filter coefficients 

� Filtered 
sq

i  

11 Current control � Reference 
sd

i  and 

filtered reference 
sq

i  

� Time difference 
� Control parameters 

� Feedback 
sd

i  and 
sq

i  

� Desired 
s

u α  and 

s
u β  

12 Read/Write Control 
exchange with FPGA target 

  

13 Definition of FPGA VI 
reference 

  

Table 4, description of parts pointed out in Figure 13, FOC algorihm. 
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Figure 15, FOC and SVPWM version 1.1, LabVIEW FPGA main VI. 

 What Input Output 

1 While loop   

2 Inverse Clarke 
transformation 

Desired 
s

u α  and 
s

u β  Desired 
sa

u , 
sb

u  and 

sc
u  

3 Case structure that routes 
the right calculation to the 
right fractional time 
depending on sector 

Binary value based on the 

signs of 
sa

u , 
sb

u  and 
sc

u  and 

six fractional time 
calculations 

Two fractional times, 
determines how long 
the two space vectors 
should be applied 

4 Section that calculates the 
fractional on time for each 
phase 

Fractional times that says 
how long each space vector 
should be applied 

Fractional on time for 
each phase 

5 Case structure that routes 
right fractional on time to 
right phase depending on 
sector 

Three fractional on times and 
sector 

Three fractional on 
times routed to the 
right phase 

6 Restrict fractional on time 
within predetermined 
values 

Fractional on times Restricted on times 

7 Three on time variables   

8 Calculates a binary value 

based on the signs of 
sa

u , 

sb
u  and 

sc
u  

sa
u , 

sb
u  and 

sc
u  8-bit binary value that 

determines in which 
sector the reference 
vector is 

9 Six calculations that 
determines the fractional 
times for the space vectors 

sa
u , 

sb
u  and 

sc
u  Fractional space vector 

times 
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10 Rise delay; to prevent 
vertical conductions 
between two switches 

  

11 One of the three time loops 
that carries out the desired 
PWM pattern to one phase 
through two switches 

� Phase on time 
� Period 
� Rise delay 

Correct PWM pattern 
carried out to two 
switches 

Table 5, description of parts pointed out in Figure 15, FOC algorihm. 

4.1.1 Sub VIs 
The code was divided into sub VIs to give a good readability of the program and to make it 
possible to reuse code segments. The most important sub VIs are explained in detail in this 
chapter. 

4.1.1.1 PWM generation 
The PWM generation sub VI, see Figure 16, is taken from NI IPnet [17]. Input to the PWM 
generation code is PWM period specified in ticks of the FPGA clock and the number of the 
ticks the signal should be high or on. The third input is rise delay, also specified in ticks. The 
principle of the PWM generation is based on incrementation and comparison of variables and 
therefore relies on exact execution time for each iteration. In this case the PWM generation 
sub VI is executed inside a Timed Loop on the FPGA. When a Timed Loop is used in an 
FPGA VI the loop executes the code inside the loop at the same period as an FPGA clock, in 
this case the FPGA runs with the speed of 40 MHz. The Timed Loop gives precise execution 
time for each iteration with the resolution of one FPGA tick or one FPGA clock period. 

 
Figure 16, code for PWM generation. 



 23 

4.1.2 Differences in FPGA and Real-Time code 
The FPGA target can not handle floating point numbers and therefore needs to calculate with 
fixed point numbers. For that reason a code destined for the Real-Time target can not be used 
directly on the FPGA target. Some of the programming blocks also differs between the Real-
Time and the FPGA module. 

4.2 Cards and boards 
To distribute all the PWM signals from the sbRIO card and to receive feedback signals to the 
sbRIO card, three different cards were used all designed by Hector Zelaya De La Parra and 
Roger Mellander at ABB Corporate Research in Västerås. 

4.2.1 Interface card 
The interface card in Figure 17 is specially designed to interface the sbRIO-9631 board to an 
already existing card with drive circuits for 7 motors. It functions strictly as an adapter card. 

 
Figure 17, interface card mounted on the sbRIO-9631 board. 

4.2.2 Drive circuits 
The drive circuits perform the conversion from PWM signals to signals with the desired 
voltage level. The drive circuits transmit feedback signals to the sbRIO board. Three phase 
inverters are included on the drive circuit boards. 

4.2.2.1 Single drive circuit 
The single drive circuit, Figure 18, can handle signals for one motor. 
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Figure 18, single drive circuit. 

4.2.2.2 Board with 7 drive circuits 
This board, Figure 19, constitutes 7 drive circuits identical to the single drive circuit, Figure 
18. The board is designed to fit the interface card, Figure 17 and Figure 19. 

 
Figure 19, sbRIO-9631 with interface card and the board with 7 drive circuits. 
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5. EVALUATION 
In this chapter the different versions of the FOC and SVPWM are evaluated. 

5.1 FOC and SVPWM code Versions 
To evaluate the sbRIO-9631 hardware and the LabVIEW software different versions of the 
FOC and SVPWM were produced. The difference between the versions is the placement of 
different code segments. Code could either be placed on the microprocessor, programmed in 
LabVIEW Real-Time (RT), or on the FPGA, programmed in LabVIEW FPGA. The 
utilization of the FPGA and the time consumption of the RT VI can be viewed in Table 6 and 
Table 7. A guideline for controlling the motors was that control calculations for six motors 
should be done in 125 µs, control loop should run on 8 kHz which is what the present system 
can do. The aim with the versions was to investigate if the system could achieve the guideline 
or at least be close to it. Additional code versions can be viewed in Appendix A. 

5.1.1 Version 1.1 
Version 1.1 controls one motor and is the code presented in section 4.1, Figure 13, Figure 15, 
Table 4 and Table 5 (with RT VI 1). In this version much of the calculations for the FOC 
algorithm are performed in the RT VI on the microprocessor. Time calculations, inverse 
Clarke and PWM generation are performed in the FPGA VI.  

This version has three alternative RT host VIs; the first one can be viewed in Figure 13. The 
second RT host VI is without the simulated angle and current feedback. This is more realistic 
since in the real case the feedback signals should come from the FPGA through the 
Read/Write Control node. Generating simulated feedback signals is more time consuming 
than adding three more to the Read/Write Control. The third RT host VI is divided into two 
loops; one timed loop and one while loop, this will make the calculations faster. 

This version is too time-consuming; a lot of calculations are performed in the RT VI. To 
improve the code more blocks could be moved to the FPGA VI and the variables that are sent 
to the FPGA could be minimized. A big part of the resources on the FPGA are utilized and 
the use of 10 of the FPGAs 24 multipliers indicates that only two motors could be controlled 
with this version of the code on this FPGA. 

5.1.2 Version 2.1 
Version 2.1 controls one motor and differs from version 1.1 in that the inverse Clarke 
transformation is performed in the RT VI. The FPGA VI performs calculation of duty cycles 
and carries out the PWM pattern to the right digital output. This was done mainly to see how 
it affected the utilization of the FPGA. 

5.1.3 Version 2.2 
Same version as 2.1 but for two motors all calculations in the RT VI are performed in the 
same timed loop. The calculations for each motor in the FPGA VI are performed in parallel. 
Parallel execution makes the calculations faster but is also demanding from a resource point 
of view. This version shows that two motors mean that the double amount of resources on the 
FPGA is required when implementing the code in the parallel programming approach. 

5.1.4 Version 3.1 
This version controls two motors and all calculations are performed in the RT VI. The FPGA 
VI only executes the duty cycles that is calculated in the RT VI. In this code the number of 
variables sent between RT VI and FPGA VI are minimized. This gives a lower iteration time 
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even though more calculations are performed compared to version 2.2. The second RT host 
VI is without the simulated angle and current feedback. 

5.1.5 Version 4.1 
Same distribution of code as in version 3.1 but this version is controlling six motors. And the 
FPGA VI only carries out the PWM signals in parallel for each motor. 

5.1.6 Version 4.2 
This version, Figure 20, controls two motors and has the same code distribution between RT 
and FPGA VI as version 2.2. The difference from version 2.2 is that the calculations in the 
FPGA VI are not done in parallel for the two motors. 

 
Figure 20, the FPGA VI of version 4.2. 
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This version can be compared with version 2.2 and it shows that this version utilizes fewer 
resources on the FPGA than version 2.2. This version is slower than 2.2 but the time 
consumption 25 ticks, which is less than 1 µs, is far under what is acceptable for the 
application this control algorithm is intended for. Because the duty cycle calculations are not 
done in parallel a none-reentrant sub VI has been created that allows reuse of the code and 
the allocated resources on the FPGA. 

5.1.7 Version 4.3 
Same code as in version 4.2 but in this version three motors are controlled. Duty cycle 
calculations are performed for three (one at a time, not parallel) motors and PWM generation 
in the FPGA VI. 

5.1.8 Version 4.3b 
Similar to version 4.3; duty cycle calculations for three (one at a time, not parallel) motors in 
the FPGA VI but this version only performs PWM output for two of them. The purpose with 
this version is to establish the effect on the used resources on the FPGA when one motor is 
added to the duty cycle calculation algorithm. The results in Table 6 show that it is resources 
demanding even though the extra calculations are made by the same code section, this is due 
to extra variables and extra cases in the case structures. 

5.1.9 Version 5.1 
Version 5.1, Figure 21, controls one motor and is an approach to implement as much of the 
calculations as possible on the FPGA. The parts that could not be fitted on the FPGA were 

the speed calculation, feed forward voltage calculation and the FIR filter for the 
sq

i  signal. 

The first RT host VI sends the control parameters once when the programs start and then 

speed calculation, feed forward voltage calculation and the FIR filter for the 
sq

i  signal is 

performed and seven variables are sent in each iteration. The second RT host VI simply sends 
control parameters to the FPGA VI. This takes a long time and indicates that no calculations 
should be performed in the RT VI and then sent to the FPGA VI in this application. 

 
Figure 21, the FPGA VI of version 5.1. 
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 FPGA utilization  

V. No. of slices No. of 

multipliers 

No. of Slice 

Flip Flops 

Number of 4 

input LUTs 

Number 

of 

motors 

Iteration 

duration 

(ticks)* 

/Motor 

1.1 30% (2 362) 10 13% (2015) 23% (3 586) 1  

2.1 31% (2 411) 6 12% (1 947) 23% (3 666) 1  

2.2 58% (4 465) 12 22% (3 402) 45% (6 932) 2  

3.1 28% (2 195) 0 9% (1 450) 23% (3 577) 2  

4.1 75% (5 778) 0 21% (3 280) 64% (9 868) 6  

4.2 46% (3 576) 6 19% (2 983) 34% (5 276) 2 25 

4.3 65% (5 052) 6 25% (3 953) 49% (7 655) 3 25 

4.3b 52% (4 046) 6 23% (3 554) 37% (5 789) 3 25 

5.1 99% (7 678) 24 31% (4 839) 81% (12 572) 1  

Total 7 680 24 15 360 15 360   
Table 6, FPGA utilization comparison between different versions of the FOC SVPWM implementation. 

*40 ticks are 1 µs, since the FPGA clock is running at the speed of 40 MHz. 

 Microprocessor RT time consumption 

V. Iteration duration RT 

VI 1 (µs) 

Iteration duration RT 

VI 2 (µs) 

Iteration duaration RT 

VI 3 (µs) 

1.1 ~600 ~430 ~210 

2.1 ~570   

2.2 ~1050   

3.1 ~950 ~830  

4.1 ~2400   

4.2 ~1050   

4.3 ~1500   

4.3b ~1500   

5.1 ~460 ~120  
Table 7, time consumption comparison between different versions of the FOC SVPWM implementation. 
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6. CONCLUSIONS AND DISCUSSION 
This chapter presents the conclusions, recommendations and gives suggestions for further 

work and summarizes the results of this thesis work. 

6.1 Hardware 
As the discussion attached to the presentations of the versions point towards, the hardware in 
the evaluated systems is estimated to be insufficient for the destined use. The communication 
between the microprocessor and the FPGA is too time-consuming, this is the failing point. 
The calculations done on the microprocessor has also been fairly time-consuming but that 
code could have been optimized. As the second RT Host VI in version 5.1 showed, only to 
send a few variables, without any calculations, takes too long time for the intended 
application. 

The time-consumption when executing calculations on the FPGA is determined not to be a 
problem. Even when performing calculations in serial for six motors the time-consumption is 
way lower then the limit. The FPGA code in the different versions can likely be optimized 
but as the versions show it will be difficult to fit all the control calculations on the FPGA. 
This leads to the conclusions that the FPGA on the evaluated sbRIO board is insufficient in 
terms of size, system gates. 

If all calculations are to be performed in the FPGA, as is proposed in this conclusions 
chapter, the microprocessor could handle loops at another level, with other timing constraints. 
Figure 14 shows a topology over different levels in a robot control system. The Torque & 
Current Loops and PWM Generation level is the control level of the FOC and SVPWM 
handled in this report. The loops one level above, Position & Speed Loops could to some 
extent be performed on the microprocessor of a sbRIO board. 

6.1.1 Alternatives 
Since the main conclusion is that the current FPGA is too small, two alternatives to sbRIO-
9631 are presented below. Figure 22 shows sbRIO-9632 which is much the same as the 
current board, the difference is a FPGA twice the size equipped with 2 M systems gates. The 
sbRIO-9632 board should fit with the interface card, Figure 17. 

 
Figure 22, sbRIO 9632. 
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Figure 23 shows sbRIO-9642 which also has a FPGA with 2 M system gates and in addition 
to that it provides 32 24 V DI/DO lines. The sbRIO 9642 board does not fit perfectly with the 
interface card but the 24 V DI/DO lines could be of interest. 

 
Figure 23, sbRIO 9642. 

6.2 Software 
The experience of the software has mainly been very good. The graphical programming gives 
a good overview of what the code does. It was easy, through different tutorials, to get started 
with the programming without having any earlier experience of LabVIEW. It is an easy way 
to program FPGAs with out knowing any HDL. The code is relatively easy to copy between 
FPGA and Real-Time VIs, a few blocks differs and the FPGA can only handle fixed point 
variables. 

Things that can be counted to the negative side is the fact that you do not get total control 
over what happens; the compiled code is hidden and it is thus diffucult to know what happens 
in detail. The compilation time for FPGAVIs varied between 5 to 35 minutes depending on 
the size of the code. This is not too long but it is still important to think through the code and 
simulate, if possible, before compilation. 

It is likely to think that the long communication time between microprocessor and FPGA 
depends on the hidden communication protocol. This can not be viewed or changed and this 
results in the time consuming communication between RT VI and FPGA VI. 

6.3 Recommendations and future work 
Things that could be implemented or further evaluated  

� Implement feedback control. 
� Implement C function and HDL node in LabVIEW programming. 
� Bring in a DLL file with model from Simulink or other simulation software. 
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A. APPENDIX: PROGRAM VERSIONS 
Appendix A contains additional code versions of the implemented FOC and SVPWM. 

Version 1.1 
 

 
 Figure i, the third RT Host VI, with two separate loops to speed up calculations. 
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Version 2.1 
 

 
 Figure ii, version 2.1 RT Host VI. 

 
 Figure iii, version 2.1 FPGA VI. 
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Version 2.2 
 

 
 Figure iv, version 2.2 RT Host VI. 
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 Figure v, version 2.2 FPGA VI. 
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Version 3.1 
 

 
 Figure vi, version 3.1 RT Host VI 1 with angle input. 
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 Figure vii, version 3.1 FPGA VI. 

Version 4.1 
Same as version 3.1 but controlling six motors. 
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Version 4.2 
 

 
 Figure viii, version 4.2, RT Host VI. 
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 Figure ix, version 4.2 FPGAVI. 

Version 4.3 
Differs from version 4.2 in that it controls 3 motors instead of two. 

Version 4.3b 
Differs from version 4.3 in that PWM generation is only carried out for two motors. 
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Version 5.1 
There are two cases in the RT Host VI of this version. False and true, true if the loop is 
running for the first time and otherwise false. This makes it possible to send control variables 
at start up that does not need to be sent in every iteration. 

 
 Figure x, version 5.1 RT Host VI false case. 

 
 Figure xi, version 5.1 RT Host VI true case. 



 x 

 
 Figure xii, version 5.1 FPGA VI. 


