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The control of power electronics has traditionally been performed by applying Digital 
Signal Processors (DSP) with Integrated Circuits (IC) or with controllers based on analog 
electronics. New circuit technologies applied by the communication electronic industry 
offer possibilities also to improve the control performance and industrial efficiency of 
power electronics. In this study, the application of Field Programmable Gate Arrays 
(FPGA) in the control of power electronics is studied. 

FPGAs are circuits capable of parallel computing. The structure of FPGAs can be defined 
to be a matrix of logic elements, which can be routed to form the desired control algorithm. 
The growth of size and calculation capacity of these circuits has been fast in recent years; 
at the same time their price has gone down. This development has made FPGAs interesting 
also for control purposes in power electronics.  

The control algorithm development by applying FPGAs requires a generic architecture 
well adapted to the reuse of Intellectual Property (IP) modules and also suitable for power 
electronic control purposes. Therefore, the testing and development methodology together 
with the search of new control algorithms that exploit the parallel calculation offered by 
FPGAs are important research topics arising with the application of this new technology.  

This thesis compares the control electronics of a traditional design and the FPGA-based 
design. A new generic communication architecture and effective development and testing 
methods are proposed. The evaluation of the use of FPGAs and the proposed development 
methodology is performed with simulations and laboratory measurements by using two 
power electronic applications; a switched-mode welding machine and a frequency 
converter. In both test cases, the implemented algorithms exploit the parallel calculation 
and thus improve the behaviour of the controlled variables.  

 

Keywords: Power electronics, field programmable gate arrays, system-on-a-chip, network-
on-a-chip, frequency converter, switched-mode welding machine, hardware description 
language 

UDC 621.3.049.77 : 621.314.26 : 621.791.037 : 004.4 

 



 



ACKNOWLEDGEMENTS 

The research work of this thesis has been carried out during the years 2002–2006 at the 
Department of Electrical Engineering at Lappeenranta University of Technology, where I 
have been working as a research engineer and as a student of the Graduate School of 
Electrical Engineering. This study is a part of two larger research projects financed by the 
companies Kemppi Oy and Vacon Plc and also by the National Technology Agency of 
Finland.  

I would like to express my gratitude to my supervisors, Professor Pertti Silventoinen for 
his valuable comments, guidance and, most of all, listening to me, and to Professor Olli 
Pyrhönen for the discussions and comments on my work. D.Sc. Mikko Kuisma and D.Sc. 
Julius Luukko: you have both guided me well in the process of writing my thesis. Janne 
Heinola, who defended his doctoral dissertation a few weeks before me deserves thanks 
also for the good conversations and co-operation during our postgraduate studies. 

Many thanks are due to PhD Hanna Niemelä for her contribution in writing my mixed 
English words into real sentences. I would also like to thank all the other personnel at the 
Department for helping me in various problems during this research. 

I have been lucky to be a member in a research team of skilful and vivid persons; I thank 
you all for making my working days full of life. D. Sc. Hannu Sarén: you have helped me 
so many times, not just being a true friend but also by giving me ideas and guidance in this 
weird scientific world. M.Sc. Ossi Laakkonen: we have made our postgraduate studies 
together, and you have made this time a lifetime memory for me. I can only hope to have 
as good colleagues also in my future challenges.  

The financial support by the Research Foundation of Lappeenranta University of 
Technology (Lappeenrannan teknillisen korkeakoulun tukisäätiö), Foundation of 
Technology (Tekniikan Edistämissäätiö), Ulla Tuominen Foundation, Lahja and Lauri 
Hotinen Fund and Walter Ahlström Foundation is greatly appreciated.  

For my family, I want to express my deepest thanks for giving me a life of opportunities 
and backing me up in every corner where my life has been difficult. Finally, Anna-Lena, 
thank you for supporting and loving me unselfishly even in the times that have not been the 
easiest for us.  

 

Vaasa, November 12th, 2006  

 

Kimmo Rauma



 



 

CONTENTS 

ABSTRACT...........................................................................................................................3 

ACKNOWLEDGEMENTS...................................................................................................5 

CONTENTS...........................................................................................................................7 

ABBREVIATIONS AND SYMBOLS..................................................................................9 

LIST OF PUBLICATIONS..................................................................................................13 

1 INTRODUCTION ........................................................................................................ 15 

1.1 Background and history of FPGAs...................................................................... 20 
1.2 Motivation and background of the research ........................................................ 24 
1.3 Outline of the work.............................................................................................. 24 
1.4 Summary of the publications............................................................................... 26 
1.5 Scientific contributions........................................................................................ 30 

2 CONTROL ARCHITECTURE DESIGN..................................................................... 33 

2.1 Communication Architectures on System-on-a-Chip design .............................. 33 
2.2 OKITO................................................................................................................. 37 
2.3 Comparison to other communication architectures............................................. 43 

3 DEVELOPMENT AND TESTING OF NEW ALGORITHMS FOR FPGA 

IMPLEMENTATIONS................................................................................................. 45 

3.1 Step one: development and verification of algorithms in simulation environment
............................................................................................................................. 45 

3.2 Step two: verification of the implemented algorithms in a FPGA circuit ........... 49 
3.3 Step three: testing the behaviour of the implementation in an application ......... 51 

4 APPLICATION EXAMPLES ...................................................................................... 53 

4.1 Voltage source frequency converter.................................................................... 53 
4.2 Switched-mode welding machine........................................................................ 61 
4.3 Discussion............................................................................................................ 69 

5 CONCLUSION............................................................................................................. 71 

REFERENCES.....................................................................................................................75 

APPENDIX A, Simulation models......................................................................................85 

APPENDIX B, Laboratory arrangements............................................................................87 

APPENDED PUBLICATIONS I-VII..................................................................................89 

            

        



 



9 

ABBREVIATIONS AND SYMBOLS  

Roman and Greek Letters 
C  Capacitance 

Ctrl  Control 

dB  Decibel 

f  Frequency 

i  Current   

I  Current 

j  Imaginary unit 

L  Inductance 

L1, L2, L3 Input line phases 

M  Module 

N  Quantity, Number of turns 

R  Resistance, Resources 

S  Switch command 

t  Time 

T  Time 

u  Voltage 

U  Voltage 

U, V, W Three-phase output lines 

v  Voltage 

Ψ  Flux linkage 

 

Subscripts 
AC  Alternating current 

B  Base value 

calc  Calculated 

DC  Direct current 

in  Input 

m  Modulation index, Module  

meas  Measured 

out  Output 

p  Processor 

r  Register 

ref  Reference 



10 

s  Stator 

sw  Switching 

x  x-axis coordinate 

y  y-axis coordinate 

 

Acronyms 
AC  Alternating Current 

A/D  Analog-to-Digital 

AND  Logical AND function 

ASIC  Application Specific Integrated Circuit 

BIST  Built In Self Test 

BW  Band Width 

CPLD  Complex Programmable Logic Device 

D/A  Digital-to-Analog 

DC  Direct Current 

DSP  Digital Signal Processor 

DSVPWM Differential Space Vector Pulse Width Modulation 

DTC  Direct Torque Control 

EMI  Electro Magnetic Interference 

FFT  Fast Fourier Transform 

FIFO  First In First Out 

FPGA  Field Programmable Gate Array 

HDL  Hardware Description Language 

HIL  Hardware-In-Loop 

HW  Hardware 

IC  Integrated Circuit 

IGBT  Insulated Gate Bipolar Transistor 

IIR  Infinite Impulse Response 

IP  Intellectual Property 

ITRS  International Technology Roadmap for Semiconductors 

JTAG  Joint Test Action Group 

LE  Logic Element 

LUT  Look-up Table 

LUT  Lappeenranta University of Technology 

MOSFET Metal-Oxide Semiconductor Field-Effect Transistor 
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NAND  Logical Not and AND function 

NI  Network Interface 

NoC  Network-on-a-Chip 

OCP  Open Core Protocol 

OKITO Name of the new communication architecture  

OPB  On-Chip Peripheral Bus  

OR  Logical OR function 

PAL  Programmable Array Logic 

PCB  Printed Circuit Board 

PI  Proportional, Integrate 

PID  Proportional, Integrate, Derivative 

PLA  Programmable Logic Array 

PLD  Programmable Logic Device 

PNoC  Packet-switched Network-on-a-Chip 

PWM  Pulse-Width Modulation 

RAM  Random Access Memory 

REG  Register interface  

RTR  Run-time Reconfiguration 

SDF  Standard Delay File 

SoC  System-on-a-Chip 

SoPC  System-on-a-Programmable-Chip 

SPLD  Simple Programmable Logic Device 

SVPWM Space Vector Pulse Width Modulation  

SW  Software 

TDMA  Time Division Multiple Access 

TDTC  Tableless Direct Torque Control 

VHDL  Vhsic Hardware Description Language 

VHSIC Very High Speed Integrated Circuit  

VSI  Voltage Source Inverter 
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1 INTRODUCTION 

Power electronics has been a key enabling technology that has led to a widespread use of 

controlled power electronic systems, like motor drives and arc welding. This technology 

has also contributed to great improvements both in productivity and energy savings in 

these systems. The word “power” in power electronics signifies the ability to process 

substantial amounts of electric energy. This is a very important difference compared to 

signal electronics, where the electricity is typically used to indicate and transfer logical 

states. Wilson (2000) defines power electronics as follows:  

“Power Electronics is the technology associated with the efficient conversion, 
control and conditioning of power by static means from its available input form 
into the desired electrical output form.” 

 

According to Mohan (2003), the task of power electronics is to process and control the 

flow of electric energy by supplying voltages and currents in a form that is optimally suited 

for user loads. Wilson (2000) adds to the previous by stating that the core factors in electric 

energy flow are high efficiency, high availability, high reliability, small size, light weight, 

and low cost. Power electronics is a broad and interdisciplinary field of engineering. Power 

electronic systems encompass various elements, as shown in Fig. 1.1. 

Circuit theory Systems and 
control theory

Signal and 
control theory

Electronics

Electromagnetics

Power systems

Simulation and
computing

Solid-state
physics

Electrical 
machines

Power
Electronics

 
Fig. 1.1: Interdisciplinary nature of power electronics (Mohan 2003). 
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This broad diversity makes the power electronics a challenging as well as interesting field 

of engineering. Fig. 1.1 illustrates the main topics of this dissertation in the field of power 

electronics: signal and control theory, electronics, power systems and systems and control 

theory. A power electronic system is presented in Fig. 1.2.  

 

Power processor

Controller

Load
Power input Power output

Measurements

Reference

Control signals

iin iout
vin vout

 

Fig. 1.2: Block diagram of a power electronic system (Mohan 2003). 
 
The behaviour of the controllable variables (vin, iin, vout, and iout) determines the 

effectiveness of the controller. The comparison between different controllers is performed 

by comparing the behaviour of the controlled variables in transients. For fast transient 

response, the key point is to allow several control processes to run simultaneously with the 

system delay reduced to a minimum at the same time (Hwu 2004). 

Adequate controllability is critical with transients in the system behaviour, such as during 

load changes or step changes in the reference value. A possible test for controllability is to 

make a step change to the reference value from zero to the nominal value of the controlled 

variable and to measure the behaviour of that variable. This is called a reference step 

response test. In this test, the ideal control drives the controlled variable to the set reference 

value, following the reference exactly only with a delay from the system (Bastos 2005).   

Mohan (2003) defines the controller part of Fig. 1.2 to consist of linear integrated circuits 

and/or Digital Signal Processors (DSP). In this dissertation, Field Programmable Gate 

Array (FPGA) circuits are counted as a possible device for the controller part. Monmasson 

(2001a) has also favoured the use of FPGAs in the control part of power electronics. The 

use of FPGAs allows the implementation of the previously fixed, hardware-based design 

elements in a software domain. The same elements, which were previously hardwired on to 
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a Printed Circuit Board (PCB) or into a processor unit as peripherals, are now 

parametrizable (Eastman 2005).  

Fig 1.3 illustrates a processor-based controller part and a controller part consisting of an 

FPGA. In the traditional processor-based control design, many of the control functions, 

such as dead time compensation, are carried out in the hardware, which means a larger 

PCB design and functions that are not software updateable. In the FPGA-based control 

design, the PCB design is smaller because many of these hardware functions can now be 

implemented in the FPGA in an updateable form.  

Memory

Memory

FPGA
-logic functions
-processor
-fast protections
-data memory

Processor
Discrete logic

IC

Fast 
protections

A/D

A/D

Switch drivers

Switch 
drivers

A
B

I/O interface

I/O interface

 
Fig. 1.3: Processor-based controller part (A) and FPGA-based controller part (B). In processor-based control 
system, only some of the functions can be implemented using easily changeable software, leaving much of 
the circuitry hardwired. The FPGA implementation of these hardwired functions means that both the 
software and the execution platform are easily changeable and updateable during development.  
 
In Publication III, the benefits obtained by using an FPGA-based controller part are 

presented. These benefits are gained with the use of the FPGA circuit, which decreases the 

amount of components on the PCB and hides the EMC (Electro-Magnetic Compatibility) 

woundable communication structure between the processor and parallel computing units 

inside the circuit, thus increasing the EMC tolerance.  

The hardware and software of the control part have different tasks: 

1) measurements, 

2) signal processing, 

3) user interface control, 

4) monitoring,  

5) protection, and 

6) system control. 
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Many of these tasks are running simultaneously and thus require parallel execution. 

Because of the different timescales of these tasks, the control hardware consists of faster 

and slower control hardware (Bester 1998; Van Den Keybus 2002; Altera 2004). The 

fastest tasks, such as control, protection, and signal processing, can be implemented using 

analog designs including Application Specific Integrated Circuits (ASIC) and specialized 

Integrated Circuits (IC). However, the parameters of these implementations are difficult to 

update. Slower tasks, such as the control of user interface or monitoring, are typically 

implemented in a microprocessor or in a DSP, which are not as fast as analog 

implementations but are software-based and can thus be easily reprogrammed and updated. 

In this dissertation, the idea is to utilize FPGAs in the control hardware to replace, at 

minimum, the analog parts to achieve a digital and programmable implementation of the 

control part. In Batani (2001), an analog implementation of an Infinite Impulse Response 

(IIR) filter is compared to the FPGA-based digital implementation of the same filter. As a 

result, the new, FPGA-based solution is shown with the advantage of the programmability. 

Other advantages of implementing analog functions in an FPGA are the temperature and 

variation insensitivity of the passive components. The example given by Batani (2001) 

only shows an implementation of one of the given six tasks, signal processing. This 

dissertation shows the full potential of FPGAs, where five of the given tasks are 

implemented in the FPGA. The first one, measurements, had to be omitted, since FPGA 

circuits did not include an Analog to Digital (A/D) converter at the time of this research.  

In the performance comparison to the traditional control hardware, when using ICs, DSPs, 

and analog circuits, FPGAs can be considered to be placed between the analog and DSP 

solutions (Fratta 2004; Bastos 2005). Vilathgamuwa (1998) presents a comparison between 

a microprocessor- and FPGA-based control in single-phase Pulse Width Modulation 

(PWM) rectifiers. This paper shows, as a conclusion, that the results were improved with a 

FPGA-based control, because of the faster execution of the given tasks. Even though the 

execution speed of the tasks in processor-based systems is slower, processors provide 

certain advantages, such as flexibility and reliability.  

The better flexibility and reliability of processors mainly results from better design and 

programming tools. Tools for processor application development and testing have an 

advantage of two decades in the development compared to the tools used for FPGA design 

development. Automatic tools for Hardware Description Language (HDL) synthesis are 

often unable to perform correctly when generating implementations of the written HDL 
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code. Such a problem never arises with conventional microprocessors (Dick 1999a; 

Berto 2003). HDL designs have one advantage over processor design, namely the 

technology independency. Different designs can be implemented to different FPGAs 

almost directly without any code changes (de Castro 2003), while in processors, assembler-

based program parts are heavily processor dependent. Design development tools for 

FPGAs as well as development tools for HDLs are still under fast development. In this 

dissertation, all the designs were developed using the Very High Speed Integrated Circuit 

(VHSIC) Hardware Description Language (VHDL) (IEEE Std 1076 1987; IEEE Std 

1076.3-1997 1997; IEEE Std 1076 2002). Other hardware description languages, such as 

Verilog, or the differences between the languages are outside the scope of this dissertation. 

All the VHDL designs in this dissertation were developed with Xilinx® Inc. ISETM 5.2i - 

7.1 development tools (Xilinx 2003; Xilinx 2005e) and the simulations were carried out 

with Mentor Graphics Corporation’s ModelSim® XE II 5.6e - III 6.0a simulation tool 

(Xilinx 2003; Mentor Graphics 2004). Other development or simulation tools or the 

differences between the tools are excluded from this dissertation. Design flow of hardware 

description languages is discussed in detail for instance in Riesgo (1999). 

In literature, most of the studies using FPGAs in the control part consider traditional 

systems including DSP with ASIC or IC. In these studies, the presented systems are 

improved by using DSP and FPGA together (Kramberger 1999; Van Den Keybus 2002; 

De Brabandere 2003; de Castro 2003; Salim 2003; Abu-Rub 2004; Tsai 2004). The main 

benefit of using FPGA and DSP together is shown to be the reduction of the computational 

load of the DSP algorithms, still preserving the programmability of the whole system. 

Kramberger (1999) presents an advantageous and exact comparison between the same 

implementation in DSP and in FPGA; the results of this paper show that specialized 

functions can be executed 10 times faster in FPGA than in DSP, while the total cost of 

system can be reduced. Although most of the studies present the FPGA as the preferable 

choice for the controller part, there are yet some disagreeing opinions; for instance in 

Adams (2002), a DSP is presented as a preferable selection for the control part, because of 

its flexibility and price characteristics. However, this paper is published by a DSP vendor. 

Also Mannion (2004) states that Ericsson PLC uses only DSP-based designs in their base 

stations to keep up with the constantly changing standards. Thus, the flexibility is again 

considered to be better in processor-based control platforms.  
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As a conclusion of the controller part hardware selection, several researchers in the field 

have shown that the use of the FPGA can improve the performance of a power electronic 

system, and furthermore, may even in some cases reduce the costs of the system. However, 

the selection of the control hardware still depends on the application. In addition, most of 

the publications introduced here present the implementations of old DSP algorithms in 

FPGAs; this solution doesn’t utilize the full computational power of FPGAs (cf. also Berto 

2003). Hence, this deficiency suggests a possibility of new FPGA-based control algorithms 

and the implementation of fast analog controls in digital form by using FPGAs, as the 

author has shown in Publication V. Another interesting feature of FPGAs is the Run-Time 

Reconfiguration (RTR), which is a major advantage compared to the other alternatives. 

The use of this very interesting feature is still unexplored in the control of power 

electronics (Berto 2003).  

The utilization of the FPGAs in large-scale designs is still quite small in the field of 

controlling power electronics. The largest several-million-gate circuits with embedded 

processors offer a possibility to implement the whole control inside a single chip. In 

Publication VI, the author presents an implementation of a control of the frequency 

converter using only a single FPGA chip.   

 

 

1.1 Background and history of FPGAs 

Programmable Logic Array (PLA) was introduced by Philips in the early 1970s. PLA was 

thus the first device in the family of programmable logic devices. PLA consists of two 

levels of logic gates: a programmable, wired AND plane followed by a programmable 

wired OR plane. After the PLA, Programmable Array Logic (PAL) was introduced. In the 

PAL, only the AND plane is programmable and the OR plane is fixed. The fixed OR plane 

made this chip less complicated and enabled wider AND-OR plane implementations. PAL 

was turned into Programmable Logic Device (PLD) by including a programmable register 

at the output. This refinement made it possible to implement state machines in 

programmable devices. All PLAs, PALs, and PLDs are called Simple Programmable Logic 

Devices SPLDs (Brown 1996; Cyliax 1999; Jacobson 1999; Etayeb 2000; Kean 2000; 

Spotka 2003; Altera 2004). 
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Complex Programmable Logic Device (CPLD) was the next step in programmable logic 

device evolution. CPLDs consist of multiple PAL-like logic blocks interconnected via a 

programmable switch matrix. CPLDs were developed to decrease the number of 

components on printed circuit board thus decreasing cost and increasing reliability. CPLDs 

were a great innovation for programmable single chip designs. FPGAs were not developed 

as a step from CPLDs or SPLDs. FPGAs have a different background as coming from the 

development of ASICs, where digital designs were realized by using gate arrays. FPGAs 

are a programmable version of the gate arrays. A gate is typically a two-input NAND gate, 

which is then implemented as an array to the silicon chip. This gate array is connected via 

routing matrix. Tasks or functions that are to be implemented to the FPGA are generated 

by routing these gates together through a routing matrix. FPGAs offer the highest logic 

capacity in the family of these programmable logic devices. Xilinx® introduced a first truly 

commercial FPGA in 1985; it contained 1500 gates at maximum.  

In Fig. 1.4, some major events in the history of power electronics and programmable 

devices are brought together. The purpose of the figure is to illustrate the time line and the 

up-to-date of the research related to the theme of this dissertation. Thus, Fig. 1.4 is not a 

full historical overview of the development (Brown 1996; Cyliax 1999; Kean 2000; Wilson 

2000; Altera 2003; Xilinx 2005a; Welding 2005; General Electric 2006). 

18831890 1901
1900 1902 1912 1947

1951
1957

1970
1984

1980 1985
1971

1988 2006

1999
1995 2001

Thomas A. Edisson
Thermionic emission

C. L. Coffin
Patent of arc 
welding process

J.A. Fleming
Thermoelectric vacuum
diodes

James J. Wood
First electric fan

E. F. Alexanderson
Magnetic amplifiers

Bell Laboratories
First transistor

Bell Laboratories
First junction 
transistor

General Electric corporation
Silicon controlled rectifier

General Electric corporation
First adjustable speed
AC drive (using inverter)

1969

Term "power electronics"
came into wide 
acceptance

Signetics
555-timer

Altera
First PLD

Xilinx
First over million
gate FPGA

Inverter power 
source in welding

Xilinx
First FPGA

Altera
First CPLD
(MAX serie)

Altera 
First FPGA with
embedded RAM

Altera
First embedded
processors in FPGA

Actel
First embedded 
A/D converter
in FPGA

 
Fig. 1.4: Time line of power electronics combined with a time line of programmable logic devices (Brown 
1996; Cyliax 1999; Kean 2000; Wilson 2000; Altera 2003; Xilinx 2005a; Welding 2005; General Electric 
2006). 
 
  
Fig. 1.4 shows that the effective use of FPGAs in the control of the power electronics, as 

presented in this dissertation, has been possible only at the time of this current research 

project; the reason for this is that the implementation of larger designs into the FPGAs has 
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been possible only in the last decade, when large (over million gate) FPGAs have been 

available.  

The commercial process technology applied in the manufacturing of the transistor of the 

gates of FPGAs has followed Moore’s law (Moore 1965); the reduction of the gate area 

required by a four-transistor gate in near future is shown in Fig. 1.5 (ITRS 2005). 
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Fig. 1.5: Overall roadmap technology characteristics (ORTC) of logic gate area (four transistor) development 
in near future (ITRS 2005). 
 
The reduction of the costs of a one-million-gate FPGA is presented in Fig. 1.6. 

(Xilinx 2002).  
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Fig. 1.6: The reduction of the costs of a one-million-gate FPGA from 2000 to 2004 (Xilinx 2002). The cost 
reduction has been possible thanks to the development of processing techniques such as wafer size change 
from 200 mm to 300 mm and processing technique development from 90 nm to 65 nm.  
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An example of the development of FPGAs, is also the possibility to use soft processors as 

a part of the implemented design. A soft processor is a processor implemented in the 

FPGA by using the logic resources of the FPGA. In 1994, a 8-bit, 5MHz 8051 soft 

processor required almost all the resources of the days state-of-the-art FPGA of that time, 

whereas in 2004, a 32-bit, 150 MHz NIOS II soft processor needed less than 1 % of the 

resources offered by the state-of-the-art FPGA (Altera 2004).  

As it can be seen from Fig. 1.5 and Fig. 1.6, the development of the price and gate size of 

the FPGAs have made FPGAs very effective hardware for the control part. The gate count 

and the possibility to use soft and hard processors with implemented A/D converters and 

switch drivers will make them very effective devices which can fulfil all the six tasks of 

the control part (see p. 15). The gate count of today’s FPGAs is over 10 million gates. In 

Kalte (2002), the design capacity of one design engineer is approximated to be 15.000 

gates per year. To design 10 million gates in a year, one hundred design engineers would 

be required; therefore, the design reuse and methodology is a significant issue in System-

on-a-Chip (SoC) implementations. Fig. 1.7 shows the growth of the design block reuse 

(ITRS 2005). 
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Fig. 1.7: Design block reuse as a percentage of the total logic size of System on Chip design (ITRS 2005). 

The term System-on-a-Programmable-Chip (SoPC) is sometimes used to distinguish ASIC 

and programmable chip implementations; in this dissertation, the term SoC refers to both 

the ASIC and PLD/FPGA implementation formats, in which a single silicon chip contain 

mostly reused IP-based logic blocks such as complete microprocessor systems 

(cf. Jantsch 2003).  
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1.2 Motivation and background of the research 

The development of FPGAs, as shown earlier, has enabled the research for this 

dissertation. FPGAs in the control of power electronics was one of the main project 

objectives when the research co-operation was initiated between Lappeenranta University 

of Technology (LUT), Vacon PLC, a supplier of frequency converters, and the National 

Technology Agency of Finland, Tekes, in 2002. In 2003 a co-operation research project 

including also Kemppi Oy, a supplier of welding solutions, was started. The results 

presented in this dissertation are mainly outcomes of the research work carried out in these 

two co-operation projects. A large group of researchers was involved in these projects; the 

work of those researchers who gave their contributions in the field of FPGAs is shortly 

discussed in the following. The members of the core team working with FPGAs were 

M.Sc. Ossi Laakkonen, M.Sc. Torsti Härkönen, Undergraduate student Ilkka Pajari and the 

author. The main contributions of M.Sc. Ossi Laakkonen were the soft processor 

implementations and the implementation of the differential space vector pulse width 

modulation (DSVPWM) algorithms. M.Sc. Torsti Härkönen has been working on the 

higher design hierarchies and communication architectures, and he has also designed most 

of the PCBs in this study including the FPGA circuit in the prototypes. Although the 

doctoral theses of Laakkonen and Härkönen will have a common background and partly 

also include same publications as this dissertation, they will supplement the scientific 

contribution of this dissertation by focusing on certain other issues on the theme. 

Undergraduate student Ilkka Pajari assisted the author with welding machine 

measurements and he has also implemented the OKITO version 2 for the welding machine.  

 

 

1.3 Outline of the work 

In this doctoral dissertation, the modular design methodology and the effectiveness of 

FPGAs in the control of power electronics are analyzed. The main emphasis is on the 

designed new communication architecture required to achieve a modular structure of a 

control design. The core results of this dissertation are obtained with the two applications, 

by which the developed design methodology and algorithms are verified. In the work, the 

measurement results are shown to present the benefits achieved with the new control. The 

measurement results show an excellent behaviour of the controlled load variables when a 
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new FPGA-based control part is used. For comparison, the measurement results with the 

original controls are also presented.  

This dissertation is composed of a summary section and the appended original 

publications. The summary is divided into the following four chapters.  

Chapter 2 discusses the communication architecture topologies developed for SoC 

solutions. Bus and network communication topologies are compared to the communication 

needs of the control of power electronics; this is done to determine the best structure 

suitable for power electronics control. After the comparison of the characteristics of the 

communication architectures, the developed new communication architecture is introduced 

and finally compared to other new architectures developed for SoC designs.  

Chapter 3 introduces the three steps proposed for development and testing of digital HDL-

based control algorithms for power electronics. The proposed steps are: First, the 

development and verification of the algorithms in the simulation environment. Second, the 

verification of the implemented algorithms in the selected programmable logic device. 

Third, testing the behaviour of the implementation in application. Each step is discussed in 

detail and the purpose of its use is determined. 

Chapter 4 addresses the two test case applications. The first application is a voltage source 

frequency converter and the second one is a switched-mode welding machine. In both the 

two test cases, the structure of power electronics and the type and main values of the 

developed prototype are shown. The architecture of the VHDL designs, based on the new 

communication architecture, and the control algorithms of each application are defined. 

Next, the measurement results of the controlled variables are presented. The measurement 

results are compared to the same measurements carried out with the original control 

system, implemented with the traditional control parts. The measurement results show the 

benefits gained with the use of this new technology. Chapter four is concluded by the 

discussion of the presented results. 

Chapter 5 sums up the core results of the work and presents the conclusions. 
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1.4 Summary of the publications 

In this summary, the value of each publication for this dissertation is elucidated. Also the 

author’s contribution to each publication is determined. The author has also other 

publications on closely related topics. These publications are listed here but are not 

appended to this dissertation, and are therefore not discussed in detail. The two other 

publications, in which the author has presented some of the topics relevant also in this 

theme of dissertation are: 

• Real time thermal model for Insulated Gate Bipolar Transistors (IGBT) 

(Ikonen 2005) and 

• Active dead time compensation for IGBTs in frequency converter use 

(Rauma 2005). 

This dissertation consists of seven publications; two articles published in international 

journals, and five conference papers. Two of the papers consider the testing and 

development of the program structure inside the control chip (Publication I and 

Publication II). The third paper introduces the communication architecture developed for 

control designs in FPGAs (Publication III). The last four papers focus on the two power 

electronic applications, that is, the switched-mode welding machine and frequency 

converter. In these two applications, the proposed control development methodology, new 

communication structure and new algorithms, such as adaptive filtering (Publication V) 

are tested and verified (Publication IV, Publication VI and Publication VII). 

  

Publication I. 

This publication focuses on the development of the HDL-based control algorithms in a 

system simulation environment. In this paper, a simulation and verification of HDL-based 

designs, using a new tool called HDL simulation library, is introduced. With the help of 

this tool, HDL-based designs can be brought into the used simulation environment to 

verify the developed algorithms in a system simulation level. Traditionally, HDL and 

system simulators are not used together, and consequently, extensive testing vector 

development has been required to encompass also the system behaviour. The new tool is 

introduced and proven to be efficient in system simulations when developing control 

algorithms for power electronics. A development of frequency converter with a VHDL 

implementation of a Tableless Direct Torque Control (TDTC) (Monmasson 2001b) is 
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presented as an example design. In this dissertation, this publication covers the simulation 

and the verification part of HDL based designs. The method presented in this publication 

was applied when the application-specific VHDL designs shown in Publication VI and 

Publication VII were developed. 

The Author developed the programs in VHDL, ran the experiments and was the principal 

author of the publication.  

 

Publication II. 

This publication focuses on the development and testing of the HDL-based designs. Three 

steps to create working HDL design are presented. In the first phase the idea is developed 

and tested in the simulation environment; next, a discrete time fixed point model is created 

based on the first simulation model. As the compared results of these two models are 

satisfactory, Q format and sampling interval of the signals can be set. With the developed 

algorithm and selected step times, HDL model of the simulated algorithm is generated and 

then simulated parallel with the first two models. Simulation is performed by applying a 

method presented in Publication I. When all three parallel models give the same control 

behaviour, the HDL model is implemented in an FPGA and tested either using a hardware 

in-loop method or an emulator. Finally, a FPGA-based control board is set to control the 

real application. This publication covers the development and testing part of this 

dissertation. The three steps presented in this publication were followed when applications 

shown in Publication III and Publication IV were developed. 

The author in this dissertation proposed the idea of the three steps for development and 

testing of HDL-based control designs. The author developed the programs in VHDL, ran 

the experiments and was the principal author of the publication. 

 

Publication III.  

This publication solves the problem of modular architecture in VHDL designs, presenting 

Intellectual Property (IP) libraries and new communication architecture (OKITO) 

developed for power electronic control purposes. A frequency converter is used as an 

application example, in which the control IP modules are implemented using the proposed 

architecture. Structure and characteristics of this communication architecture are presented 
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and the behaviour of the architecture in the frequency converter is verified with 

measurements. This publication covers the SoC architecture part of this dissertation. 

 The author developed the majority of the programs in VHDL, ran the experiments and was 

the principal author of the publication. The first three co-authors Rauma, Härkönen, and 

Laakkonen worked as a group when structure of the architecture was designed. The second 

co-author Härkönen developed parts of the control IP module in VHDL. The first co-

author Laakkonen developed the link between the OKITO and the soft processor. 

 

Publication IV.  

This publication focuses on the second test case application, welding machine, in which 

the developed communication architecture and FPGA-based control is tested. Original 

analog control parts are implemented digitally in an FPGA to gain a full digital 

programmable control of the welding machine. The structure of the new control 

architecture based on the new communication architecture, presented in Publication III, is 

shown and verified with measurements. This publication covers the second power 

electronics application, welding machine, in which the proposed development methods are 

applied in this dissertation.  

The author in this dissertation developed the control idea and the implementation of the 

control, ran the experiments and was the principal author of the publication.  

 

Publication V.  

This publication shows how the new algorithms, using the benefits of FPGAs, can improve 

the control of power electronics. An adaptive filter for power electronic applications is 

derived and compared to other filters using simulations and measurements. Finally an 

implementation of the filter, as a part of welding machine control is shown. For 

verification, reference step response measurement results are compared to the 

measurement results of the original control. This publication covers the part of the second 

application example, welding machine, and shows the benefits gained with a fully digital 

control. This publication presents the effectiveness of FPGAs in the control of power 

electronics. 



29 

The author in this dissertation proposed the original idea of the non-linear adaptive filter, 

developed programs in VHDL and ran the experiments. The co-author Luukko derived the 

exact mathematical description of the adaptive filter and ran the comparison simulations to 

the other filter designs. 

 

Publication VI.  

This publication presents the first implementation of a single chip control of a frequency 

converter. The new communication architecture OKITO with a soft-processor was used as 

the control architecture. Simple motor control algorithms and communication to the user 

interface were implemented using C-language to the soft-processor, while other algorithms 

were implemented using VHDL. The single chip controlled frequency converter is verified 

with measurements. This publication covers the single chip design architecture and the first 

application test case, frequency converter, of this dissertation.  

The author developed the programs in VHDL and ran the experiments with the first author. 

The paper was written by the first two co-authors Laakkonen and Rauma, and the fifth co-

author Luukko. The co-author Luukko developed the C-language-based motor control 

software, while the co-authors Laakkonen and Penttinen developed the link between the 

OKITO and the soft processor. 

 

Publication VII. 

This publication introduces the control architecture of the second test case application, 

welding machine. This publication shows the control design of the welding machine and 

presents improved measurement results compared to Publication IV, which focuses more 

on the OKITO communication architecture in the welding machine. This publication also 

covers the future design possibilities and presents the second application example of this 

dissertation.  

The author developed the control idea and the main part of the programs in VHDL, ran the 

experiments and was the principal author of the publication. 
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1.5 Scientific contributions 

This dissertation analyzes the possibilities of a FPGA circuit in the control of power 

electronics. The key results of this work are: 

1) Research and development of a new modular design architecture called OKITO for 

large scale systems on chip designs controlling power electronics. With the help of 

this modular design architecture, the developed IPs can be collected into a library 

and applied directly in different projects.  

2) Implementation and verification of the new OKITO architecture in real power 

electronic applications. Typically, other publications in this field concentrate on 

simulations, which is insufficient for the adequate verification of HDL designs. 

3) Presentation of a development and testing procedure for new control algorithms 

implemented finally by using HDL. New control algorithms have to be verified to 

be errorless before implanting them to a real system. Errors in the control can easily 

damage the power electronic system and impede the product development.  

4) Development and implementation of single chip control of a frequency converter. 

This is the first implementation of a control using only one circuit to completely 

take care of the control of a power electronic system. 

5) Development and implementation of fully digital control of a switched-mode 

welding machine. All the previously presented control methods implement the 

fastest control loop using partly analog implementations. This implementation is 

constructed by using an FPGA, while all the control parts are implemented 

digitally. 

6) Novel adaptive filter development and implementation. When fast reference step 

response is required, and the measured signal includes low frequency narrow band 

noise, it is difficult to tune the control for fast reference step response. Controllers 

tuned for fast response typically react also to the noise signal and generate 

fluctuation to the controlled variables. The proposed adaptive filter filters the noise 

signal, still preserving the fast steady state changes of the signal. 

7) Implementation of the tableless direct torque control and its verification by using an 

FPGA. 
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Based on the measurement results obtained from the two power electronic prototypes, it is 

proven in this dissertation that FPGAs can be considered a viable alternative core for the 

control part of the power electronics. Utilizing the benefits of parallel calculation, it is 

possible to design control implementations that yield a better controllability of the power 

electronic applications than what was possible by using the processor-based control. Also 

the measurement results of the two prototypes can be considered valuable knowledge for 

the industry developing products for these two application fields.  
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2 CONTROL ARCHITECTURE DESIGN 

 “The application-specific on-chip network-synthesis paradigm represents an open and 
exiting research field” (Benini 2002).  

 

In this study, the role of control architectures in FPGA designs is emphasized; an efficient 

modular design architecture generating a library of re-usable IPs requires a carefully 

designed communication architecture inside the circuit. 

Communication architectures are usually divided into two groups (Benini 2002, 2005): 

1. buses (also known as shared medium networks) 

2. networks (including both point-to-point and switch-based networks) 

In this research project, the developed and applied architecture is a shared medium 

network; however, in the first section 2.1 both types of communication architectures are 

discussed, and background for the selection of the communication network is established. 

Sections 2.1, 2.2, and 2.3 provide an overview of the developed communication 

architecture and a comparison to the most relevant communication architectures developed 

before or at the same time as the one developed and applied in this research.  

 

 

2.1 Communication Architectures on System-on-a-Chip design 

Communication architectures on a SoC designs are among the main topics on SoC 

research. Various shared medium networks and Network-on-a-Chip (NoC) solutions can 

be found in recent publications. This section aims at showing different types of 

possibilities and finding a structure suitable for controlling power electronics.  

The need for the new communication structures arises with the new possibilities in the SoC 

design. These needs were discussed in the introduction of this dissertation. According to 

Zeferino (2003), the main benefits achieved by using communication architecture are: 

• reusability, 

• scalability, and 

• parallelism. 
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Four of the most important problems that must be addressed by the interconnect structure 

are (Wiklund 2004): 

• port format adaptation,  

• speed difference adaptation, 

• connectivity, and 

• bandwidth of the communication channels. 

 Recently, the main area of the research has been to find solutions to high transfer speed 

applications such as audio or video processing (Kumar 2002; Benini 2005). It is suggested 

that the most important measure would be to standardize the interface between the 

communication architecture and intellectual property so that the development costs of new 

IPs would be shared by all the developers or at least between the developers in same 

application field (Gurrier 2000; Benini 2002; Kumar 2002). This would help the reuse of 

the already generated IP blocks. Open Core Protocol (OCP) is probably the best known of 

these interfaces (OCP-IP Association 2005). A single standard interface would be the best 

solution for all cases; however, it is most likely not possible because of the differences in 

applications and in the IPs. The use of different interfaces will lead to a structure where IPs 

are connected to the communication media with a suitable wrapper. The same idea is also 

introduced in Wiklund (2004). Basic structures of bus and NoC architectures are presented 

in four IP core situations in Fig. 2.1 and Fig. 2.2. 

  IP
Core

Bus Controller

  IP
Core

Bus

wrapper wrapper wrapper wrapper

IP Core IP Core
 

Fig. 2.1: Generic bus model with four IP cores. Bus controller takes care of the centralized arbitration and 
decoding. 
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IP Core Router

Link

IP Core

IP Core IP Core

wrapper wrapper

wrapperwrapper

 
Fig. 2.2: Generic 2x2 NoC (2-D Mesh) with four IP cores. Routers offer point-to-point connections between 
IP cores (Jantsch 2003).  
 
The designer of the communication architecture has to choose the network that offers the 

best compromise between 

• capacity, 

• size, and 

• power 

for the developed application (Bartic 2005).  

Power gains importance in the case of portable systems (Benini 2005). This dissertation 

concentrates on the control of power electronics, and therefore, the power consumed by the 

control chip is not discussed among the most important selection criteria. Size (area 

consumption) is one of the important parameters. Communication network is used only to 

support the main duties, and therefore its size should be kept to minimum within the limits 

set by the capacity needs of the system. This leads to an assumption that there is no ideal 

communication architecture to cover all applications in different application fields. The 

best communication architecture is thus application dependent. This opinion is shared 

among other researchers, too (see e.g. Benini 2002, 2005; Kumar 2002; Bartic 2003, 

2005). 

The first selection concerns the topology. There are the two presented possibilities: a 

shared communication topology (a bus) or a network topology. Differences of these two 
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topologies are described in many papers (Benini 2002, 2005; Zeferino 2003); the main 

advantages and disadvantages presented in Gurrier (2000) are listed in Table 2-1. 

Table 2-1: The Main advantages and disadvantages of bus and network architectures (Gurrier 2000). 
 

Every unit attached adds parasitic  
capacitance, therefore electrical  

performance degrades with growth. 
 - Only point-to-point one-way wires  

are used, for all network sizes.  + 

Bus timing is difficult in a deep  
submicron process.  - 

Network wires can be pipelined  
because the network protocol is  

globally asynchronous. 
 + 

Bus testability is problematic and  
slow.  - Dedicated BIST is fast and  

complete.  + 

Bus arbiter delay grows with the  
number of masters. The arbiter is  

also instance-specific. 
 - 

Routing decisions are distributed  
and the same router is reinstanced,  

for all network sizes. 
 + 

Bandwidth is limited and shared by  
all units attached.  - Aggregated bandwidth scales with  

the network sizes.  + 

Bus latency is zero once arbiter has  
granted control.  + 

Internal network contention causes  
a small latency.  - 

The silicon cost of a bus is near  
zero.  + 

The network has significant silicon  
area.  - 

Any bus is almost directly  
compatible with most available IPs,  

including software running on  
CPUs. 

 + 

Bus oriented IPs need smart  
wrappers. Software needs clean  

synchronization in multiprocessor  
systems. 

 - 

The concepts are simple and well  
understood.  + 

System designers need re-education  
for new concepts.  - 

Bus Network 

 

As listed in Table 2-1, the most significant points, considering the power electronics 

control, are the silicon cost, available IPs, bus timing and complexity. Of these selected 

benefits and drawbacks, the only weakness of the shared communication structure is bus 

timing. Thus the selection of the topology, using the criteria presented by Gurrier (2000), 

points towards shared communication networks. Other comparisons between these two 

topologies and different architectures can be found for instance in Salminen (2002, 2005), 

Gateau (2004), and Kreutz (2001). The main result of the comparisons is that a NoC is 

better topology when there are many IPs attached to the network. Approximations of the 

number, after which a NoC is better, vary between 5 and 10 in Salminen (2005), 10 

(Benini 2005), 16 (Cota 2003) and up to 25 in Zeferino (2002). The last value 25 given by 

Zeferino is counted from a mathematical model, which does not take into account any 
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specific structures, but only their main differences. Wiklund (2004) gives a 10% limit for a 

communication architecture’s area usage (silicon area) of the total system’s area usage; 

however, no arguments are presented to support this limit. This limit would mean 512 

slices from a one-million gate Virtex-II circuit, which has 5120 slices in total (Xilinx 

2005f). Thus, the limit seems to be quite tight when calculated in slices. With advanced 

techniques in bus based systems, such as crossbars (Benini 2005) and buses connected 

together (Hilton 2005), the network and bus architectures approach each other. 

A shared bus with a full crossbar connection is discussed by Benini (2005), who gives an 

IP limit of 10 as a result for effective implementation. The control IPs required for 

controlling power electronics can be divided in to four main IP cores: a modulator, an A/D 

converter control, a soft processor running upper control algorithms, and a communication 

interface, which have to be connected together with some communication architecture. 

Considering these results, it is clear that a shared communication structure is, for now the 

best choice for controlling power electronics. 

 

 

2.2 OKITO 

OKITO is a shared communication architecture developed at LUT for power electronic 

control purposes. The development of OKITO was started in 2002; the idea was based on 

the need of a modular design architecture and IP libraries of the control parts for power 

electronics. As shown previously in this study, the communication architecture design has 

been a widely addressed research topic in SoC research in the past years. Since there was 

no common standard available for the IP interfaces or for the communication structure, the 

research group decided to design a new architecture that would support the features of 

power electronic control. The structure of OKITO was based on the needs of the 

application field. In this section, the OKITO architecture is discussed in detail, and also a 

second version of OKITO is presented in brief. OKITO is also addressed in Publication 

IV, and test cases for the applications are discussed in Publication III, Publication VI, 

and Publication VII. The IP core suitable for the OKITO architecture is referred as an IP 

module.  

The research of communication architectures in general is concentrated on the areas 

requiring high data transfer capability. The field of controlling power electronics differs 
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from the main research topic areas in communication architectures by the required data 

transfer capability and by the need for digital arithmetic. When the development of OKITO 

was started in 2002, the main aspects to be considered were: 

• reusability,  

• scalability, 

• modularity, 

• parallelism, 

• different clock domains (clock distribution), and 

• resource usage. 

The OKITO architecture is created for power electronic control purposes. That is why it is 

not optimized for the data transfer speed. The idea is to shorten product design times, to 

improve maintainability, and to make software modular. Motivation driving for the 

modular designs is well described by Kalte (2002). The needs and benefits of modular 

designs and software libraries are also analysed in Berto (2003), Kramberger (1999), and 

Charaabi (2002). The use of processor-based software is taken into account so that the 

control engineers can develop all the control algorithms in the programming language they 

are most familiar with.  

The OKITO Bus consists of: 

• bus (1), 

• control blocks (2), 

• control processes and processor connection to control block (3), 

• template interface to bus (4), 

• connection interface for third party IP core connections (5), 

• test IP modules (6), 

• interface between On-Chip Peripheral Bus (OPB) (IBM 1999) and OKITO Bus (7), 

• MicroBlaze software processor (Xilinx 2004) for processor software based user IP 

modules (8), and 

• user / firmware IP module (9). 
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The numbers in the above list refer to the structure illustrated in Fig. 2.3. 
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Fig. 2.3: OKITO architecture; it includes a control block, bus, a test IP module, and glue logic blocks 
(wrappers) between bus and user IP modules and processors OPB. 
  
To make the OKITO architecture flexible in different situations, it is made parametrizable 

through variables in packages, which are certain VHDL libraries. Bus width (address and 

data), the number of IP modules, the number of control processes, the number of 

architecture registers, the number of registers in each IP module, and IP module addresses 

are given as parameters for the architecture. Using these parameters, a correct structure is 

automatically generated for the control software in the synthesis state. After this, the codes 

for firmware IP modules are added using a IP module template, which includes the glue 

logic for the bus connection. The state machine template is used to describe the state 

transitions in control processes and data transitions between IP modules. Both the user IP 

modules and the control processes can be coded using processor based languages, like C-

language, to software (SW) or hardware (HW) processors including an OPB.  
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Each IP module is an independent block, which does not make any decisions about how 

the IP modules work together. Control processes make the connection between IP modules 

and generate the system activities by making the data transfer actions between different IP 

modules. This way, for instance the same A/D conversion IP module can be directly used 

in different projects, only the control process has to be changed. 

Data transfers and setting of the parameters for each IP module are made through registers. 

All the IP modules have a same configurable number of basic registers. Additionally, each 

IP module can also have a configurable number of special registers.  

IP module template creates an interface to the bus, after getting the required parameters 

from the architecture package. The template also includes the bus timing control and the 

controls of read-and-write sequences. This way, there is no need to write any bus-

dependent VHDL code. 

The bus efficiency depends on the selected bus clock frequency and data width. Using 

24 MHz bus clock and 16 bit data, the theoretical data transfer rate is 88 Mbits/s. This 

includes two bus actions; reading data from one register and writing it to another register. 

If there are activities that contain a lot of bilateral data transmissions, there is a possibility 

to use direct connections between the IP modules. This way, the bus is not loaded 

excessively, and the fast data transfer can still be made.  

Typical characteristics for OKITO versions 1 and 2 (vs.1 and vs.2) are shown in Table 2-2. 

The second version is presented in Table 2-2, to show the main developments made after 

the first version. The basic idea remains the same, but some good results and ideas 

introduced by other research groups, such as Packet-switched Network-on-a-Chip (PNoC) 

arbiter (Hilton 2005), are taken into account. Also the tri-state buffers used in the version 1 

can be replaced with multiplexers to ease the implementation with the new FPGA-families, 

such as Spartan-3 (Xilinx 2006a), which does not support the tri-state buffers like Virtex-II 

does (Xilinx 2005f). Also in the ASIC implementation, tri-state buffers are not favored 

(Salminen 2002; Fisher 2005). 

The estimation of the resources required by the communication architecture is essential 

information when new control application is designed. For OKITO, the needed resources 

depend on the amount of implemented registers and IP modules. The needed recourses can 

be estimated by 

R = 13Nm +7.5Nr +423Np+50,  (1) 
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where R is the needed recourses in slices (Xilinx®) for the OKITO architecture, Nm is the 

number of IP modules, Nr is the total number of registers, and Np is the number of 

processor connections. The equation is derived by applying the register-level information 

of the design obtained from the tools after the synthetization. The impact of each part of 

the equation was investigated with several implementations of different-size structures. It 

is a well known fact that synthetization parameters affect the result of resources usage, and 

thus Eq. (1) can be considered to give more empirical than exact results. The results 

obtained by Eq. (1) are (only) approximations for the resource requirements of the 

communication architecture, but provide essential information for designers in the early 

stage of design process. Typically, the approximation of the needed resources suffices for 

the system designer to be able to estimate the gate count required for the current design. In 

Publication III and Publication V, the resource usage results obtained with Eq. (1) and 

the results of the final implementation of OKITO version 1 are presented in the two test 

cases.  

Table 2-2: OKITO vs.1 and vs.2 characteristics.  
Property OKITO vs.1 Implementation OKITO vs.2 Implementation

Topology Hierarchical bus with 
wrappers

Hierarchical bus with  
wrappers and crossbar 

Description language Synthesizable VHDL Synthesizable VHDL 
Switching type Packet switching Packet switching, burst mode

Clocking Multiple clock domains Multiple clock domains 
Arbitration Centralized, pipelined Centralized, pipelined 

Arbitration algorithm Round-robin, TDMA Priority-round-robin, TDMA

Compile time configurable  
parameters 

data width, address width, IP 
count, control process count, 

common and IP dependent 
register count

data width, address width, IP 
count, control process count, 

common and IP dependent 
register count 

Bus signals  
clk, reset, wr, rd, data_in, 

data_out, address, busy and 
rdy

clk, reset, wr, rd, data_in, 
data_out, address, busy and 

rdy 

Signal type 
Unidirectional, shared except 
busy, rdy, no point-to-point 

connection

Unidirectional, point-to-point 
connection possibility with 

crossbar 
Addressing Multiple addresses per IP Multiple addresses per IP

Commands read, write read, write, burst read, burst 
write 

Verification  Simulations, hardware in loop 
test, FPGA prototypes

Simulations, FPGA  
prototypes 

Test applications 
Voltage source inverter 

control several applications, 
welding machine control

Voltage source inverter 
control, welding machine 

control  
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Read-and-write sequences are shown in Fig. 2.4 and Fig. 2.5. In the read sequence, the 

active IP module indicates the read activating the rd_int signal. The control process notices 

the rd_int signal and activates the reading process by setting the read address to the address 

bus. IP module reads the pointed register and sets the data to the data bus activating at the 

same time the rdy signal. The control process reads the data from data bus using rd signal, 

and after rd signal is set down, the reading sequence is over. The read sequence can also be 

started directly by control process if necessary.  

 
clk

addr (Ctrl) 

rd_int (M) 

rdy (M) 

rd (Ctrl) 

int_data (M) 

dout (M) 

A0

D1

D1

ZZZZZZZZZZZZZZ

D0 D0

 
Fig. 2.4: Reading sequence. First, the IP module (M) sets the service need (rd_int) signal high. After this, the 
control (Ctrl) process activated by this IP module sets the correct address (addr) to the bus. Next, when the IP 
module has accepted the correct address, it sends the data to the output port (int_data) and sets the ready (rdy) 
signal after one clock cycle (clk) and data to the bus (dout) after control has set the reading (rd) signal.  
 
In the write sequence, the control process sets the address to the address bus and data to the 

data bus. Next, the control process checks if the current IP module has activated its busy 

signal, to notify that the current register is used internally at that time. After the busy-

signal is inactive, data is written to the current register by using the wr signal. When wr 

signal is set down, the writing sequence is over.  
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clk 

addr (Ctrl) 

busy (M) 

wr (Ctrl) 

din (Ctrl) 

A0

D1 00

0 D1int_data (M)
 

Fig. 2.5: Writing sequence. First, the address and data are set to the bus (addr, din). If the IP module (M) is 
setting the register wanted by control (Ctrl), it will keep the busy-signal high and the control will wait for its 
turn. When the busy-signal has become low, the data is set to the register in internal data (int_data) with write 
(wr) signal. 
  
 
 

2.3 Comparison to other communication architectures 

The development of the OKITO was started in 2002 simultaneously with several other 

architectures. As a result, many new implementations were launched at the same time. In 

this section, some of these new communication architectures are assessed. The criteria for 

selecting the architectures for comparison have been that the architecture has been 

implemented to FPGA, and there is sufficient information of the required resources. The 

different architectures are compared in four IP block systems. Table 2-3 presents the 

characteristic approximations found from the selected studies concerning the bus and 

network topologies. The area usage is calculated for four IP cores communication 

interfaces in slices (Xilinx®) for all of the selected architectures. Four IP cores can be seen 

as a typical structure for a power electronics control, as mentioned before. Information is 

gathered from the references presented at the end of the architecture in Table 2-3. No 

implementation except with OKITO is made to verify the results of these other studies. 

Comparisons between different architectures are difficult without a standard benchmarking 

and source codes (licensing issues) for area consumption; therefore, the main purpose of 

Table 2-3 is only to present some figures for different implementations available. 

Furthermore, some of the gathered results are based only on simulations, which are not 

reliable and comparable as such to the final implementation results.  
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Table 2-3: Area and speed rates for four IP core communication structures; this kind of structure is a typical 
setup in power electronics control. 

Network FPGA AREA FREQ width
AMBA (Gurrier 2000) Virtex-II 3680 slice NA 32 bit
Socrates (Collin 2001) Virtex-II 400* slice 50 MHz 32 bit

Bartic et. al (Bartic 2003) Virtex-II 2500 slice 50 MHz 16 bit
RaSoc (Zeferino 2003) Altera STRATIX 1400** LE 73 - 49 MHz 16 bit

HIBI v.2 (Salminen 2005) Virtex-II 3648 slice 39 MHz 32 bit
OS4RS (Marescaux 2003) Virtex-II 6092 slice 22 MHz / 50 MHz 16 bit

PNOC (Hilton 2005) Virtex-II 986 slice 138 MHz 32 bit
HERMES (Moraes 2004) Virtex-II 3058 slice 25 MHz 16 bit

OKITO v.1  Virtex-II 632 slice 24 MHz 16 bit
OKITO v.2 Spartan-3 1047 slice 100 MHz 16 bit

* Area is given only for Network Interface (NI) not for arbiter. 
  NI is 2% of XC2V1000 so in slices about 100/core 
** Area is given as Logic Elements (LE) for Altera's circuits. 
  One approximation done by Altera gives a 1.3 ratio from LEs to slices (Altera 2005) 
 
The main differences in OKITO when compared to the other communication architectures 

are the direct connections between IP modules and the registers implemented in the 

wrapper part. Wrappers typically include only First In First Out (FIFO) circuitry for data 

receiving and transmitting. A major difference is also the control processes, which take 

care of the system activities. This way, the resource usage can be kept small, and firmware 

IPs can be directly used between different projects. 

The most interesting solution of the other communication architectures, in the case of 

controlling power electronics, is the PNoC (Hilton 2005) architecture. Hilton (2005) has 

proved PNoC architecture to be fast, scalable, and area effective. The results are also 

verified with a real implementation. Still, there are some differences compared to the 

OKITO, such as control processes, which improve for instance the reusability of the ready 

IP modules. 
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3 DEVELOPMENT AND TESTING OF NEW ALGORITHMS FOR FPGA 
IMPLEMENTATIONS 

In this Chapter, the three steps proposed for developing and testing the HDL 

implementations of an embedded digital control system are introduced and discussed. 

These proposed steps differ from the traditional simulation–implementation–prototype 

testing flow by the fact that the implementation part should test also the behaviour of the 

implemented functions, thus revealing the problems in the development tools for FPGAs. 

These problems do not occur with the traditional processor system development tools. 

Another justification for proposing these steps is that the steps include no standard tools in 

the FPGA-based implementations, and therefore the tools applied in this work for the three 

steps are thus presented and suggested here. The applications presented in Chapter 4 are 

developed and tested with these methods. These methods are also presented in 

Publication II.  

The development and testing steps applied in this dissertation have also been shown to be 

effective by Ricci (2002) and Bastos (2005); the methods presented in these publications 

employ System Generator for VHDL implementation, development and testing. System 

Generator is a library of Xilinx® functional blocks, in Simulink® environment, representing 

various circuits in FPGAs. Xilinx® System Generator is also an automatic VHDL code 

generator of these blocks (Xilinx 2005a; AccelChip 2005). In this dissertation, the VHDL 

development was carried out by using Xilinx® Inc. ISETM development tools, Mentor 

Graphics Corporation’s ModelSim® XE simulation tools for VHDL simulations, and the 

HDL simulation library of LUT to connect HDL simulation to the system simulation 

environment, Simulink®. 

 

 

3.1  Step one: development and verification of algorithms in simulation 
environment 

The process of developing a new control algorithm starts from an idea, which is then 

developed further into the actual algorithm and tested by using some simulation 

environment. When a working structure based on floating point numbers and continuous 

time (infinite fast sampling) has been found, the algorithm has to be tested using fixed 

point numbers and discrete time. Fixed-point numbers are typically presented with an 



46 

integer part and fractional part. The format is called, by size of the fractional part, the 

quantization format (Q format). In Banerjee (2003), an automatic conversion tool for 

floating point to fixed point is presented. In this dissertation, the correct fixed point 

presentation is found by comparing the results of the floating point model and the fixed 

point model. When the results of these two models are compared and the behaviour of 

controlled variables is satisfactory in the fixed point and discrete time model, the sampling 

time of the input signals and the used Q format for all parts of the new algorithm can be 

selected; this method is used and introduced also in de Brabandere (2003). The influence 

of the selection of the sampling time is also discussed in Charaabi (2002). In the final 

stage, the HDL implementation can be generated and then simulated parallel with the first 

two models to check the behaviour of the HDL model. The comparison of different models 

is an effective way to develop and test new control algorithms from an idea to an actual 

implementation. Fig. 3.1 shows these three phases of the step one correspondingly as phase 

A, phase B, and phase C.  

PHASE A PHASE B PHASE C

Floating Point Model

HDL Model

Floating Point Model Floating Point Model

Fixed Point Model Fixed Point Model

Continuous time Discrete time Discrete time

 
Fig. 3.1: Three phases of the step one to develop and verify new control algorithms for FPGA. In the phase 
A, the idea of the algorithm is developed and tested with the system model. In the phase B, a discrete fixed 
point model is created and compared to the developed floating point model. When satisfactory accuracy and 
behaviour is achieved, the sample time and Q format can be fixed. Finally in the phase C, the generated HDL 
model is simulated and compared to the other two models. When the results from the HDL model are 
concurrent with the other models, the new control algorithm is ready for the actual implementation.  
 
The verification of a programmable logic and also of an ASIC design, which are based on 

HDL languages, is very problematic. Testing the whole design and all possible input 

combination vectors easily leads to several millions of test vectors even in small designs, 

and with a larger design, the number of combinations cannot be generated in reasonable 
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time. This means that the random test vector method is inefficient and time consuming. 

With selected test vectors or with automated test vector generators, it is possible to reduce 

the amount of testing time to a reasonable level, but the selection of vectors is not 

straightforward (Toutounchi 2002; Fisher 2005). 

With adequate knowledge of the system to be tested, it is possible to choose appropriate 

test vectors; yet there may be some conditions that are not met, and thus the behaviour of 

the system will not be completely determined. This may be the case especially when tested 

logic design is a part of a larger system, which contains also mixed signal parts. The testing 

of the whole system has to be carried out to guarantee its correctness. This can be done for 

instance by simulating the HDL-based design together with the simulation model of the 

rest of the system. For this work, MATLAB®/Simulink® by the company MathWorks has 

been used as a simulation program. Simulink® includes a power circuit simulator, which, 

previously known as Power System Blockset, has been lately renamed as 

SimPowerSystems library. The power circuit simulator allows the user to configure the 

power circuit diagram as well as the load model by using ready-made blocks and simply 

initializing the electrical parameters of the blocks.  

The HDL simulation library presented by Szmich (2003) enables the simulation of the 

HDL-based designs in Simulink®. Similar tools were presented, after this, also by Xilinx® 

in the System GeneratorTM named HDL co-simulation (Xilinx 2005b; Xilinx 2005c). The 

I/O interface of the HDL designs is directly accessible from Simulink®. The use of the 

HDL simulation library is shown in Publication I, in which the implemented Direct 

Torque Control (DTC) control (Takahashi 1986) is simulated with it. All inputs and 

outputs of the HDL-based part can be accessed directly from Simulink®. Digital simulation 

is possible on all design levels, from a behavioral description to a post place and route, 

with internal delay timing, which can be introduced via Standard Delay Files (SDF). In de 

Castro (2003), a problem of simulating the digital control and power converter together is 

presented, but the problem is solved by coding the test environment using VHDL. This is a 

far more difficult and time consuming way to verify the designs HDL-based than the 

method proposed in this study.  

The HDL simulation library acts as an interface between the system simulation software, 

Simulink®, and the HDL simulation software, ModelSim® logic simulator. The block 

diagram in Fig. 3.2 shows the idea of the HDL simulation library. Both simulators are 

synchronized to obtain valid, time-accurate results. The HDL simulation library is user-
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friendly, operating in the Simulink® user interface. All the actions can be carried out with 

the Simulink® user interface, since the HDL simulation library blocks perform all 

necessary operations needed for the simulation, including compilation of source files. All 

operations considering HDL simulation and data interchange between the two simulators 

are carried out in the background (Szmich 2003), Publication I. 

Numeric transform

Numeric transform

System HDL design

Simulink® ModelSim®

HDL simulation library

 
Fig. 3.2: Block diagram of the ModelSim®−Simulink® co-simulation environment, HDL simulation library 
(Szmich 2003). 
  
When the HDL code is simulated together with the rest of the system in Simulink®, it is 

possible to create any kind of test patterns and exceptional conditions just by changing the 

properties of the blocks in the simulation environment. 

To verify the functionality of the whole control as well as of the electric drive and the 

control of the welding machine, simulation models were built. All the control algorithms, 

including modulators, can be made by using standard Simulink® blocks. The verification of 

VHDL implementations was performed by using an HDL simulation library block. The 

parts for the simulation model with an included HDL simulation library are shown in 

APPENDIX A for both example applications presented in Chapter 4. 

Both models include the supply grid model with an ideal three-phase 50 Hz sinusoidal 

voltage supply with a peak value of V2302 ⋅ . The line impedance is set to zero. A 

universal bridge configured as a full-wave diode bridge is used as the rectifier. A capacitor 

C is used in the DC link. A universal bridge configured as an IGBT bridge is used as the 

inverter bridge and as the H-bridge in the welding machine model. As the loads, a three-

phase asynchronous motor model with external load torque capability is used as the motor 
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model, and an LR circuit for the welding machine. All these basic blocks are available in 

the SimPowerSystems libraries. References for these blocks are given, for example, in the 

MathWorks manual for Simulink® 2000. The control circuits are built by using discrete 

time blocks to emulate the digital behaviour of the controllers.  

 

 

3.2 Step two: verification of the implemented algorithms in a FPGA circuit 

The intermediate stage of the three testing steps is the testing of the generated HDL 

functions in the selected FPGA circuit. To carry out the circuit testing, an additional 

hardware is needed to represent the behaviour of the controlled system. In this dissertation, 

two methods are presented for this; a hardware in-loop method (HIL) and an emulator. The 

implementation of the inverter control was tested with the HIL method, whereas the 

implementation of the welding machine was tested with an emulator.  

In HIL, the tested control system is connected to a system, which models the rest of the 

system in real time. HIL typically uses programmable interfaces, and therefore it can be 

used in various different designs. An emulator is a system, in which the tested control 

system is connected to the hardware that emulates the behaviour of the rest of the system, 

giving the feedback signals accordingly to the real application. The emulator is designed 

particularly to emulate the current design and is not usable for other applications. The 

importance of the HIL method is emphasized also for instance by Bastos (2005) and 

Madanayake (2004). Bastos (2005) defines HIL as an intermediate state between 

simulations and real hardware implementation; it replicates the real operational condition 

for the FPGA based controller, and hence reduces the risks and costs of the hardware 

implementation testing. Also Xilinx® has noticed the effectiveness of the HIL method and 

recently (July 7, 2006) announced a commercial tool for this method. With the help of this 

tool, models built by using System Generator can be run in a specialized hardware. 

According to Xilinx®, the benefits of this method are (Xilinx 2006b):  

“The ability to incorporate hardware enables tremendous simulation speedups, 
provides incremental hardware verification capabilities and removes the hurdles of 
getting a design up and running in an FPGA”. 
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Both methods, the emulator and the HIL, are appropriate solutions to fulfil the intermediate 

stage of the verification process. With these methods, it is possible to show that the 

developed HDL implementation works also on chip; this is valuable information, since 

simulations alone do not tell the whole truth of the actual implementation.  

The motor control application was tested with the HIL method. A block diagram of the 

hardware-in-loop method is presented in Fig. 3.3. 

dSPACE FPGA

Motor model
Model monitoring

Control system

Phase currents
(DC voltage)

sB
sC

sA

 
Fig. 3.3: Block diagram of the hardware in-loop method, in which dSPACE is running the motor model; 
Publication II. 
 
With the help of dSPACE real time platform, it is possible to test the FPGA 

implementation by connecting it to the real time platform that calculates the behaviour of 

the motor drive emulator in real time. This way, most errors in the implementation can be 

found and eliminated without damaging the final target system with system errors not 

discovered in the simulations. Typically, these errors originate from the timing inside 

FPGA or from logical mistakes with connection to the real hardware. 

The welding machine application was tested with an emulator. This emulator allows the 

real time testing of the control system in ways that could break the actual hardware. The 

interface between the emulator and the FPGA control board is identical to the actual 

hardware. Fig. 3.4 presents a block diagram of the emulator used in the tests. The inputs to 

the emulator are the outputs of the inverter switch commands. These signals are used 

directly to form signals, which behave like the real machine. In the first block, the signal b 

is input to an integrator, which is clamped to zero after every switch command. The output 

of the integrator (Signal c) is amplified, and an offset is added by summing signals b and c. 

The result is the emulated primary current (Signal d). The emulated secondary current  

(Signal e) is formed from this (current) by using an integrator with an amplifier. These 

signals are fed to the A/D converters of the real control system. The derivatives and gains 

of all the stages of the emulator can be set to correspond to the real hardware. 
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Signal a Signal b Signal c Signal d Signal e

1 2 3
Integrator
with zero 
clamp

Ampliflier Integrator
with 
amplifier

Input from 
switch one

Input from 
switch two

Secondary
current output
to A/D converter

Primary
current output
to A/D converter

 
Fig. 3.4: Block diagram of the emulator generated to emulate the behaviour of the welding machine; 
Publication V. 
 
 
 

3.3 Step three: testing the behaviour of the implementation in an application 

When the control is tested and debugged with the simulations and in the hardware, the final 

stage is to implement it into the real system. Although the control is tested and verified in 

the circuit using HIL or an emulator, the actual application is always the only real 

environment for the control platform verification. A drawback of the simulation and 

emulation methods is that the simulation or emulation of the current application is only as 

exact as determined by the designer. Thus it is never an exact reflection of the behaviour of 

the real system: An application always includes the power electronics and the load 

behaviour; other factors involved are for instance Electro Magnetic Interference (EMI), 

Insulated Gate Bipolar Transistor (IGBT) switch drivers, and the real load behaviour that 

all have to be taken into account when considering a real system.  

In real application tests, it is of critical importance to be able to measure events of the 

control, without disturbing the system behaviour. This is difficult when measuring small 

signals in high power switching environment, where EMI easily disturbs the measurements 

required to follow the behaviour of the control. In this dissertation, debugging of the FPGA 

based control was carried out by using optically isolated debugging lines. For the drive 

system, an optical Joint Test Action Group (JTAG) (IEEE Std 1149.1-1990 1994) interface 

was created, while for the welding system, an optical serial communication was 

constructed. With an optically isolated measurement and debugging system, it is possible 

to follow the events inside the FPGA without disturbing the behaviour of the system. 

Results obtained from the two applications are presented and discussed in Chapter 4.  
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4 APPLICATION EXAMPLES 

In this Chapter, the FPGA-based control is presented in two different and very challenging 

power electronic applications. The FPGA-based control is developed and tested, first in a 

frequency converter and after that in a switched-mode welding machine. With these two 

applications, it is shown that the use of FPGAs yields a better performance of the 

controlled variables than the one achieved by the same applications controlled with the 

traditional control hardware. In both applications, the original control parts are replaced 

with a new control hardware including an FPGA circuit. In both situations, new control 

algorithms are implemented on an FPGA. The control, implemented in the FPGA, is made 

fast enough for the control processes of the power electronics of each application.  

The architectures of the developed control designs are presented and verified with 

measurements shown at the end of each section. The measurements are compared to the 

original system to present the improvements gained by using the proposed control with the 

FPGA circuit. In both applications, the VHDL implementations apply an OKITO 

architecture as a communication interface between the generated IP blocks.  

Sections 4.1 and 4.2 are structured as follows: First, the power electronics of the 

application and the characteristics of the prototype are presented. Next, the OKITO-based 

FPGA implementation is shown. After modular implementation, the time scales of the 

control algorithm and the frequency band of the measured signals are presented. Finally, 

measurement results of the original and the new FPGA-implemented system are shown 

with a comparison. Laboratory arrangements for both applications are presented in 

APPENDIX B. 

 

 

4.1 Voltage source frequency converter 

Voltage source frequency converter was the first application environment, in which the 

FPGA-based control was tested in this research. Voltage source frequency converters are 

used to control motors in various applications from a few watts to thousands of kilowatts. 

An adjustable speed drive is a combination of a motor and a power electronic converter. In 

all drives where the speed and position are controlled, a power electronic converter is 
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needed as an interface between the input power and the motor. The typical structure of the 

voltage source frequency converter as presented in Mohan (2003) is shown in Fig. 4.1. The 

actual arrangement of the diode and inverter bridges and the diode rectifier varies 

depending on, for instance, whether the line input is one- or three-phase, and whether the 

system is a two quadrant or four quadrant application. In the modification of the 

commercial frequency converter used in this dissertation, the diode bridge is a three-phase 

six-pulse rectifier, and the inverter bridge is a three phase six pulse bridge (three phase, 

400V, 31A).  

3M

U, V, W

C
+

-

LAC

S1

S1

S2 S3

S2 S3

L2
L3

L1

 

Fig. 4.1: Main circuit of the voltage source frequency converter with a three-phase input and three-phase 
motor. The line phases L1, L2, and L3 are connected to the full-wave diode rectifier bridge. The rectifier 
transforms AC voltage into DC voltage. The DC-link capacitor C is located in the intermediate circuit. The 
inverter bridge is controlled with the switch commands S1, S2, and S3. Output is connected to the three phases 
U, V, and W, which are the phases of an induction motor. 
 
In this work, the frequency converter refers to the system having a full-wave diode rectifier 

bridge, DC link, and inverter bridge. In the frequency converter, the supply grid AC 

voltage is first rectified by using a full-wave rectifier diode bridge. After rectifying, the 

inverter bridge is used to convert the DC voltage into AC voltage with variable frequency 

and amplitude. An intermediate circuit with a DC link capacitor is used to provide energy 

storage and to filter the DC-link voltage from the rectifier bridge and inverter bridge 

voltage spikes and dips. The intermediate circuit of the prototype frequency converter does 

not have a typical capacitance value to store energy, and therefore, only small, 2 % of 

typical nominal value of the DC link capacitance was used. The voltage amplitude and 

frequency are controlled by using semiconductor switches, which are turned on and off at a 

10 kHz frequency. The motor control algorithms determine the reference to the motor 

variables. The modulator is used to convert the reference signal into switching instances 

for the six power switches. The prototype inverter used in this dissertation is presented in 

Fig. 4.2. 
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Fig. 4.2: Prototype frequency converter with single chip controller; Publication VI. 
 
The control of the frequency converter was implemented on a Xilinx® Virtex-II 

(XC2V1000-4fg456) FPGA circuit using OKITO communication architecture to connect 

the generated IP modules together. There are three separate IP modules and two control 

state machines implemented to the OKITO architecture. The structure of the OKITO, in 

the voltage source frequency converter application, is shown in Fig. 4.3. Kjosavik (2005) 

presents a similar motor control structure, in which a soft processor is used. In the paper, 

the used communication architecture is directly the OPB.  
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Fig. 4.3: Single chip, OKITO based system structure. Division of the control algorithms inside the software 
processor is shown in the text box below picture; Publication VI. 
  
Fig. 4.4 shows that the modulator gives us two different modulation methods to use 

traditional Space Vector Pulse Width Modulation (SVPWM) (Holtz 1992) and new 

Differential Space Vector Pulse Width Modulation (DSVPWM) (Sarén 2005b). The use of 

traditional SVPWM does not justify the use of FPGA because it can be done by using 

simpler hardware than FPGA. As mentioned earlier, the intermediate circuit capacitance 

value of the prototype frequency converters is small. When intermediate circuit does not 

have storage energy, the intermediate voltage UDC starts to fluctuate. To prevent this, a new 

modulation method was invented (Sarén 2005b). This new modulation method is called 

DSVPWM and its behaviour depends on the execution speed of the algorithms. Next, the 

basic differences of the SVPWM and the DSVPWM methods are discussed to justify the 

use of FPGA in the frequency converter with a small DC link capacitance. 
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 In the traditional space vector modulation, the correct switching instance and combination 

is decided at the beginning of the switching period. The input for space vector PWM is the 

voltage vector reference in a stationary two-axis reference frame. The reference voltage 

vector can be written into a two-axis component as  

yxrefs, jUU +=U   (2) 

The idea of the formulation of the Us,ref with the combination of two active vectors is 

shown in Fig. 4.4. The durations of the active voltage vectors Vm and Vm+1 in current sector 

m during the switching period Ts are calculated from the reference voltage vector. The 

reference voltage is achieved by using the active voltage vectors Vm and Vm+1 with 

corresponding durations Tm and Tm+1. The length of the voltage vector depends on the DC 

link voltage UDC. Hence, the DC link voltage is assumed to be constant. In the area of 

sinusoidal motor quantities, the maximum radius for reference voltage vector is 

23refs, =U  per unit. 
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Fig. 4.4: The formulation of the voltage reference Us,ref with the combination of two active vectors. 
 



58 

From (2) it is possible to calculate the required durations Tm and Tm+1  
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The idea of the DSVPWM differs from the traditional SVPWM, where the Tm and Tm+1 can 

be calculated after the reference is given. In the DSVPWM, the reference is calculated for 

the required flux, and then the flux is calculated on-line and compared to the reference 

until the reference value is reached. In the DSVPWM, the reference for the change of the 

flux linkage during the switching period is defined as 

( ) ( )
⎥
⎦

⎤
⎢
⎣

⎡

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

⎟
⎠
⎞

⎜
⎝
⎛ −⎟

⎠
⎞

⎜
⎝
⎛ −−

⎟
⎠
⎞

⎜
⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛

=⎥
⎦

⎤
⎢
⎣

⎡
∆
∆

+ y

xs

ref1,

ref,

1
3
πcos1

3
πsin

3
πcos

3
πsin

3
2

U
U

mm

mm
T

ψ
ψ

m

m   (6) 

The formulation of the references of the flux linkage change, aligned with the direction of 

the active voltage vectors is shown in Fig. 4.5.  
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Fig. 4.5: The formulation of the change of flux linkage by using two active voltage vectors. 
 
Now, when the reference for the change of the flux linkage is calculated, it has to be 

ensured that the references are achieved despite the fluctuating DC link voltage. To 

determine when the reference flux linkage change is reached during the switching period, 

the fluctuating DC link voltage UDC,meas is measured and integrated during the 
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corresponding active voltage vector. By integrating the DC link voltage, the calculated flux 

linkage changes  and can be defined as calc,mψ∆ calc1,+∆ mψ
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The voltage vector is changed when the calculated change of the flux linkage reaches the 

corresponding reference value. Hence the time instance when the reference flux linkage 

change is met and the voltage vector is changed is not known in advance. It is also easy to 

understand that the accuracy of this method heavily depends on the time step of the 

integrator. In this test case, the integrator time step of 100 ns was used, which is not 

reachable by any processor-based hardware. 

Fig. 4.6 shows the difference in motor voltage (simulation) when the DSVPWM and the 

SVPWM are used. When the DC link voltage fluctuates heavily, SVPWM generates 

voltage error, but DSVPWM compensates the fluctuation and there is no voltage error. 

This shows the benefits of the fast execution of the control algorithms in the FPGA circuit.  
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Fig. 4.6: Simulation result of the realized motor voltage when using SVPWM and DSVPWM. Voltage error 
exists when DC-link voltage fluctuates heavily and SVPWM is used (Sarén 2005b). 
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The control design was developed with the methods presented in Chapter 3. The results 

gained for the sampling times and Q formats for each part of the control are shown in 

Table 4-1. The filtering and sample times of the measured input signals are presented in 

Table 4-2. 

Table 4-1: Calculation frequency and placement of the different parts of the frequency converter control. 

Control part Calculation time scale Soft processor or Logic Q format
Freguency reference 100 ms Soft porcessor Q16
Speed control etc. 1 ms Soft porcessor Q16
Voltage reference 100 µs Soft porcessor Q16
Flux integration and comparison 100 ns Logic Q36
Switching control 100 µs Logic Q16  

Table 4-2: Filters and sampling times of the measured signals in the frequency converter control. 

Signal Analog filtering -3dB BW Sample time / Q format Digital filtering
Load currents 10 kHz 5 µs / Q12 Moving average filter
DC-link voltage 150 kHz 5 µs / Q12 Moving average filter
Temperature 2 Hz 5 µs / Q12  -  

Table 4-1 and Table 4-2 show that the most challenging task of this control is the 

integration of the flux, while the most challenging measurement is the measurement of the 

DC link voltage (Sarén 2005a). 

Fig. 4.7 shows the measured supply grid currents with two frequency converters. One is a 

standard commercial frequency converter with a large DC link capacitor, and the other is a 

frequency converter with a small DC link capacitor. The supply grid current waveforms 

differ significantly, and the Fast Fourier Transform (FFT) plot shows that a frequency 

converter with a small DC link capacitor generates smaller harmonic components at 

250 Hz and 350 Hz frequencies.  
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Fig. 4.7: Measured supply grid currents and Fast Fourier Transforms (FFT) for a standard commercial high-
capacitance frequency converter (LAC= 3.4 mH, C= 165 µF) and for a frequency converter with small DC-
link capacitor (LAC= 0.4 mH, C= 2 µF) (Sarén 2005b). 
 
 

 

4.2 Switched-mode welding machine 

Switched-mode welding machine was the second application environment, in which the 

FPGA-based control was tested in this dissertation. In electrical arc welding, the melting 

energy is provided by establishing an arc between two electrodes, one of which is the 

metallic workpiece being welded and the other is the electrode core wire. In this 

dissertation, only inverter type welding power source is discussed. Other conventional 

power source designs can be found for instance in Norrish (1992). The typical structure of 

a switch-mode welding machine is presented in Mohan (2003), and in more detail in Fig. 

4.8. The actual arrangement of the diode rectifier varies for instance depending on the 

amount of input line phases. The voltage and current characteristics of the welding 

machine depend on the type of the welding process employed. Typical values for voltage 

and current are 50 V and 500 A respectively.  
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Fig. 4.8: Main circuit of the welding machine with three-phase input and controllable DC current output. The 
line phases L1, L2 and L3 are connected to the full-wave diode rectifier bridge. The rectifier transforms AC 
voltage into DC voltage. The DC link capacitor C is located in the intermediate circuit. The H-bridge is 
controlled with the switch commands S1 and S2. Output of the H-bridge is connected to the high frequency 
transformer, which conversion ratio is selected by the number of turns N1 and N2 on the primary and 
secondary side of the transformer. The output of the high frequency transformer is rectified and the output 
current is stabilized with output inductance LOUT. 
 
In the switched-mode welding machine, the input AC voltage is rectified to DC voltage, 

which is then converted by power switches to high frequency AC current in the primary 

side of the high frequency transformer. Transformer steps the voltage down to a suitable 

level depending on the transformation ratio. Furthermore, the transformer output is 

rectified, smoothed, and stabilized. In all welding applications, the output has to be isolated 

from the input. In the switch-mode welding machine, the isolation is provided with a high-

frequency transformer. The benefits of this type of a welding machine are the efficiency, 

which is in the 85–90 % range, the smaller size, weight, and no-load current compared to 

the welding machines employing line frequency power transformer at the input stage 

(Mohan 2003). 

In the commercial welding machine used in this dissertation, the diode bridge is a three-

phase six pulse rectifier, the inverter bridge is an H-bridge, and the diode rectifier is a full-

wave single-phase diode bridge. The values for the output current and voltage are 50 V and 

500 A for the output voltage and current respectively. The operation frequency is set to 

50 kHz. The switched-mode welding machine used in this dissertation is presented in Fig. 

4.9. 



63 

Reference set

Xilinx Spartan3 

Program memory

Processor

Three phase line connection

Load connection

 
Fig. 4.9: Prototype welding machine with a FPGA control card asserted on the top of the original control 
PCB of the welding machine. 
 
A switched-mode welding machine is a very good target to utilize the calculation power of 

the FPGAs. The three requirements for welding power sources by Norrish (1992) are: 

1. to produce suitable output current and voltage characteristics for the process,  

2. to allow the output to be regulated to be suitable for specific applications, and 

3. to control the output level and sequence to be suitable for the process and 

application requirements. 

When the fastest control loop is fixed (characteristics cannot be changed without hardware 

updates) the first two requirements are difficult to fulfil. With the help of re-configurable 

architectures, all the parameters in the control can be adjusted according to the needs of the 

process. A welding process is typically characterized by a wide load range from no load to 

short circuit as well as fast load current changes (Mecke 1997). The fastest process times 

are in the range of 100 ns (Schupp 2000). If the selected control has to reach the fastest 

process times, a fast execution of the control algorithms is required for the welding 

process. Analog designs have typically been the only solution to fulfil these time 

requirements. Fig. 4.10 illustrates a typical control system. Current reference is given by 

the processor through a D/A converter, and a PWM-module is used to form the commands 

to the H-bridge depending on the given reference value. Parameters for the PWM IC are 

set with discrete passive components.  
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Fig. 4.10: Current control of the welding machine using commercial PWM IC. 
 
In the prototype system, the welding current (the rectified secondary winding current) is 

controlled by switching the primary winding alternately to the positive and negative DC 

link voltage. A proportional-integral (PI) or proportional-integral-derivative (PID) 

controller is used to form a current reference from the welding current to the primary 

current. In this study, the PI-controller is running using 10 µs step time. To obtain good 

setup responses, a big proportional part gain is needed. Big gain in the proportional part is 

difficult to handle due to the amount of switching frequency noise in the load current 

measurement. A non-linear filter is therefore needed to filter out the switching frequency 

ripple on the load current still preserving good controllability of the load current in the step 

changes. Fast step-up response is critical when the amount of spatter occurring at start is 

wanted to be reduced (Byrd 1993). The load current filtering was made adaptive 

Publication V. In order to the current start-up response time to be as small as possible, a 

high gain is needed in the controller. A sample time of 62.5 ns was chosen for the primary 

current to meet the fastest process times of the arc welding. Due to the hardware 

constraints, the shortest sample time for the welding current was 5 µs, which leads to a 

sample frequency of 200 kHz. The control system is implemented on a Xilinx® Spartan-3 

(XC3S400-4fg320) FPGA using OKITO architecture. The structure of the OKITO in the 

welding machine application is shown in Fig. 4.11. In this case, there are four separate 

VHDL IP modules and one control state machine implemented to the OKITO architecture. 

Direct connection for three measurement signals is made between IP modules. 
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Fig. 4.11: OKITO architecture in welding machine control. Four IP blocks and one control process used for 
implementation; Publication V and Publication VII. 
  
The control design for welding machine was developed with the methods presented in 

Chapter 3. Results obtained for the sampling times and Q formats for each part of the 

control are shown in Table 4-3. Filtering and sample times of measured input signals are 

presented in Table 4-4.  

Table 4-3: Calculation frequency and placement of the different parts of the welding machine control.  

Control part Calculation time scale Soft processor or Logic Q format
Primary current reference 10 µs Logic Q24
Cutting limit 62,5 ns Logic Q47
Switching control 20 µs Logic Q16  

Table 4-4: Filtering and sample times of measured input signals in the welding machine control. 

Signal Analog filtering -3dB BW Sample time / Q format Digital filtering
Load voltage 7 kHz 5 µs / Q10  -
Load current 16 kHz 5 µs / Q10 Adaptive filter
Primary current 1.6 MHz 62,5 ns / Q10 Moving average filter  

The measurements of the step response from 0 to 150 A welding current for the original 

control system are shown in Fig. 4.12 and for the prototype welding machine in Fig. 4.13. 
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With the new control, the overshoot is below 7 % and the current reference of 150 A is 

obtained below 200 µs. These are remarkable results compared to the original control 

having over 43 % overshoot in the reference step response and a 400 µs delay before the 

reference is reached. All the measurements were done using Tektronix TDS 3052 

(500 MHz, 5GS/s) oscilloscope and 0.5 Ω current shunt resistor (300 A / 150 mV) to 

measure the output current.  

 
Fig. 4.12: Step response result to 150 A load current with the original partially analog control; Publication V 
and Publication VII. 
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Fig. 4.13: Step response result to 150 A load current with FPGA-based control; Publication V and 
Publication VII. 
 
When comparing the step responses presented in Fig. 4.12 and Fig. 4.13, we can see that 

the exact final value of 150 A is reached slower when FPGA-based control is used. This 

minor change comes from the adaptive filter that has an influence to the feedback value of 

the secondary current. The influence is only a few per cents, and has thus no harmful effect 

on the behaviour of the welding machine. The most important characteristics, overshoot 

and rise time delay, which have an influence on the injection of the arc and on the spatter 

at start, are better than with the original control. 

In switched-mode welding machine control, the control parameters are typically set as a 

compromise between step and short circuit responses. Fig. 4.14 illustrates a short circuit 

response from 100 A current of the original current control. The short circuit response of 

the proposed FPGA-based control having the same control parameters as in the step 

response measurements is shown in Fig. 4.15. 
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Fig. 4.14: Short circuit response of original partially analog control. Short circuit is generated from 100 A 
load current and it lasts 1.2 ms. 
 

 
Fig. 4.15: Short circuit response of the FPGA-based control. Short circuit is generated from 100 A load 
current, and it lasts 1.2 ms. 
 
The short circuit current response gained with the FPGA control is not as good as with the 

original PWM control due to the restrictions of the actuator parts in the control board 

design. Also the control parameters were set to give a good step response, and thus the 

control is not optimal for the short circuit response. The main problems in support control 

electronics are the load current sampling speed, noise from the load voltage measurement 
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to the load current measurement, and the time for the smallest possible switch command to 

the used IGBTs. The control implemented in the FPGA is capable of giving as small as 

10 ns command pulses, and thus the control system is not restricted by the FPGA. The 

restriction for the length of the command pulses comes from the drivers of the IGBTs. If 

the driver cannot support enough current fast to the gate of the IGBT, the channel opening 

the current flow through the IGBT is not opened. In the short circuit response, the driver 

capacity sets the smallest pulse possible for the controller. In the original system, the driver 

capacity is better, and thus gives better results for the short circuit response. Consequently, 

improvements to the short circuit response would require hardware updates in the load 

current measurement and in the switch command drivers. However, since the dissertation 

concentrates on showing the benefits of the FPGA-based control, further improvements 

required for the final control are outside the scope of this study when the system behaviour 

is not restricted by the control part. 

 

 

4.3 Discussion 

Some current trends in power electronic designs as expressed by Van den Keybus (2002) 

are:  

• a modular approach, 

• the reduction of the analog input section, and 

• integration of different parts of the control system. 

The results shown with the two applications and OKITO architecture are clearly in line 

with these trends; the first trend of modular approach is presented with the VHDL 

implementations of the controls, which are based on the new modular architecture. All the 

generated new IP modules can be directly used in other designs (Publication III). The 

second trend aims towards almost fully digital systems, as shown in the welding machine, 

in which the original analog section was implemented in FPGA (Publication V). The third 

trend calls for an integration of the different control parts; although this is shown in both 

applications, it is emphasized that in the frequency converter, all the control parts are 

implemented in a single FPGA circuit (Publication VI). One of the most valuable 

contributions of this dissertation is that the all the main premises of the work, that is, the 
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use of the FPGAs in the control of power electronics, the modular design of control 

structure, the parallel calculation of the algorithms and the generation of new algorithms, 

are tested and verified with actual prototypes. Simulations are nevertheless quite a faithful 

mirror of the truth, because the existing development tools are still somewhat deficient due 

to the short period of use and development. Therefore, these tools cannot handle large 

designs properly, and the final designs are required for testing with real hardware before 

credible results are obtained.  

The results shown in this work already suffer from the fast development of FPGAs: at the 

moment (June 2006), a first truly single chip FPGA, including program memory, A/D 

converter, and a metal-oxide semiconductor field-effect transistor (MOSFET) switch 

drivers is already launched by Actel (Actel 2006). Also a Xilinx® Virtex-4 (Xilinx 2005d) 

is now on the markets, and the FPGA used in this dissertation, Virtex-II, is already leaving 

the markets. Thus, it is easy to see that the development of FPGAs can be too fast for the 

lifecycle of the commercial power electronic products. Another serious problem is that the 

special features added in FPGAs cannot fulfil the needs of every application field. Thus, 

the extra features developed to other applications add extra costs to the FPGAs used to 

control power electronics. This problem is addressed by offering different family members 

of FPGAs for different applications. In this solution, the features of each application are 

added to the FPGA circuit offered to the current application field. To sum up, the future 

trend seems to be to move towards application-specific circuits; this view is also shared by 

Morris (2004), Keen (2000), and Eastman (2005). 
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5 CONCLUSION 

The primary target of this dissertation is to analyze possibilities of FPGAs in the control 

part of the power electronics. Based on the presented results, we may state that FPGAs can 

be considered a platform for processing control algorithms. It is shown that the use of the 

FPGA can improve the system’s performance compared to the traditional processor-based 

control hardware. The dissertation studies the use of large scale FPGA circuits in the 

control of power electronics taking care of the five tasks of controllers. In the introductory 

section, the nature of power electronic applications is discussed. The history of 

programmable logic devices and power electronics, from Edison to nowadays, is briefly 

discussed to show that the research work of this dissertation became possible only after the 

FPGA were developed enough to handle large-scale designs. After the discussion of the 

history, the traditional control hardware solutions were compared to the proposed FPGA-

based control hardware solutions. The study shows clearly the recent development of 

FPGA circuits has made these circuits a viable alternative core for control platforms.  

In Chapter 2, the topologies of communication architectures for SoC designs are presented. 

After a general presentation, the special features of the power electronic control are 

discussed and the background of the new communication architecture OKITO is 

introduced. The generated IP modules, applying this new communication architecture, can 

be re-used without any changes to the code of the IP modules; this is a major benefit 

compared to any other architecture connecting IPs. After the characteristics of the OKITO 

are presented, it is compared to other communication architectures developed for SoC 

designs. Other architectures are selected such that some kind of resource usage of the 

implementation of the architecture on an FPGA circuit has been included. Finally, the best 

of the alternative communication architectures is pointed out.  

The architecture selected for the design is critical in large-scale FPGA designs. The 

communication architectures in processor designs have been widely studied, whereas 

communication architectures in FPGA circuits are a new research area. A good 

communication architecture designed for FPGA allows modular design, component 

libraries, and the re-use of code, and it also gives good possibilities for testing, and is 

scalable to different designs in the current application field. The presented new architecture 

meets all of these requirements.  
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In Chapter 3, the three steps for development and testing methods of new algorithms for 

power electronics control are discussed. Next, the three steps for the algorithm 

development of both the test case applications are introduced. In the field of power 

electronics the electrical environment is challenging; for instance, the electromagnetic 

interference is a problem, and incorrect control commands resulting from interference or 

from erroneous control software can easily damage the system. Therefore, a powerful 

development and test system through the development lifecycle is needed for a successful 

product development; to reach the set targets, new tools and methods are required for the 

use of the new technology in the control of power electronics. The proposed three steps in 

Chapter 3 provide a direct path for the development of errorless control algorithms for 

power electronics.  

Chapter 4 presents the two power electronic applications in which the proposed FPGA- 

based control is tested. First, a voltage source frequency converter is introduced. Next, the 

OKITO-based control implementation on the FPGA is discussed and the algorithms are 

presented. To justify the use of FPGA, as the core of the control hardware, the basics of the 

new modulation method DSVPWM are shown. The first FPGA-based single chip control 

of frequency converter is verified by laboratory measurements. This frequency converter 

with a small DC link capacitor is controlled with a single FPGA chip, which is a novel 

technique. In the second section, a switched-mode welding machine is presented. 

Correspondingly, first the structure of a switched-mode welding machine is introduced and 

the OKITO-based control implementation on the FPGA is discussed. The novel FPGA 

control of the welding machine is verified by laboratory measurements. Measurement 

results of the reference step response and short circuit response of the original control are 

compared to results gained with the proposed controller. The comparison gives a good 

understanding of the benefits gained by using the FPGA-based control. Finally, the 

problems in the supporting electronics are analyzed to clarify the measurement results of 

the short circuit response.  

To sum up, the dissertation analyzes the use of FPGA circuits in the control of power 

electronics. It is clearly shown that by a correct control design that utilizes the benefits 

offered by FPGAs, the controllability of power electronic applications can be substantially 

improved. The dissertation combines various fields of engineering; successful control 

design for power electronics applying new hardware requires knowledge at least in system, 

signal and control theory, programming, electronics, and power systems. This diversity of 
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the required knowledge makes the control design for power electronics a very challenging 

research topic.  

The fundamental results of this dissertation are the development and testing procedure of 

control algorithms, the new communication architecture OKITO, and the two working 

prototypes by which the new methods and algorithms are verified. The presented 

measurement results show the behaviour of the controlled variables, which has not been 

possible earlier. The utilization of the calculation power offered by the new programmable 

logic devices allows the shortening of the response times of the controlled systems. The 

new large-scale FPGAs allow the implementation of control algorithms that require plenty 

of calculation power and are difficult or even impossible to implement by using the 

traditional processor-based control hardware. The utilization of the parallel calculation 

gives a new approach to algorithms. The new algorithms can be designed to take a full 

advantage of the execution speed of FPGAs, and the processor-based algorithms can be 

executed faster in FPGAs implementations, or analog implementations can be 

implemented digitally to the FPGAs. These benefits can be seen in the response times, 

behaviour, and the adjustability of the controlled system. Although the use of FPGAs in the 

embedded systems is not a new technique, the use of FPGAs in the control of power 

electronics in the scale presented in this dissertation is clearly a novel solution.  

When a new technology is launched to the market, and the design and performance are 

undergoing a transition, the development methods and benefits gained by the new 

technology have to be analyzed and assessed. The results of this dissertation show that the 

utilization of the new control technology yields a better behaviour of the controlled 

variables. As the new technology will soon be on the market, development and test 

methods are required for the control design using the new technology; these methods are 

developed and verified in this dissertation. Also a clear path for generating the new 

algorithms is presented. This research was carried out within projects in co-operation with 

industry. The response of the companies involved in this research project has been 

positive; the companies have seen the possibilities of this new technology for their 

products; furthermore, the results of this work give answers to the questions presented by 

the companies at the beginning of this study. The main questions were “What are the 

benefits or drawbacks when using FPGAs?”, “What tools are needed in the development?”, 

“What is the current state of technology in FPGAs and what can be done for our products 

with FPGAs?”. 
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APPENDIX A 

Simulation models 

Frequency converter simulation model, top level: 

 

 

 

Modulat

l l l 

 

 

 

Converter mode
or models inside the Co
Induction Motor mode
nverter model: 

l 
Load mode
 

n

  
VHDL TDTC model
Fixed point DTC modulator mode
Compariso



86 

Switched-mode welding machine simulation model, top level: 

 Load model
 

Input line model Welding machine model

Control models inside the Welding machine model: 

 
Floating point model of the top
current control  
 

 

 

Comparison 

Fixed point model of the top current 
control  

VHDL model of the top current control 
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APPENDIX B 

Laboratory arrangements 

Laboratory arrangements in frequency converter measurements: 
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Laboratory arrangements in welding machine measurements: 
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Abstract 
 
Field programmable gate arrays have developed 
rapidly in last years. The size and the speed of the 
circuits has grown. The devices combine the 
flexibility of software with the performance of 
hardware giving increased efficiency. This offers 
an opportunity to implement larger models that 
also includes a lot of arithmetic operations. Larger 
models are more difficult to test and verificate. 
This paper presents a new way to simulate and 
verificate HDL based designs in Simulink1 using a 
new tool called HDL simulation library. An 
arithmetic approach of direct torque control (DTC) 
algorithms was implemented in FPGA. The whole 
DTC-model was tested in Simulink using a full 
motor model created in it. The simulation and 
verification of DTC model and benefits of the 
HDL simulation library are described here. 
 
Keywords 
 
Simulation, Simulation tools, HDL, Programmable 
logic 
 
1. Introduction 
 
The rapid development of logic devices, such as 
FPGA or CPLD has caused increasing use of 
those. The growing capacity and speed makes 
these circuits a promising platform also for more 
demanding logic and arithmetic algorithms. 
 
Programmable logic circuits are usually a part of a 
larger system, increasingly also mixed-signal 
systems. Therefore, it would be convenient to be 
able to test programmable logic as a part of a 
larger system. Testing in the real world is difficult 
and usually very expensive, for that reason one 
needs to have a simulation environment in which 
designs can be tested with as close connection to 
the real system as possible. 
 

A recent paper by Monmasson et al. [1] 
presented an extension of the DTC concept. 
The authors showed that no look-up table was 
necessary in the implementation of the DTC. 
Instead, some arithmetic was required. The 
advantage of using the arithmetic approach is 
that it allows the sector boundaries to be 
changed easily. This improves the low-speed 
performance of the drive. Moreover using the 
space vector modulation instead of direct 
calculation of switch commands is possible. 
This approach retains the good performance of 
the original DTC since it does not use a PI-
controller like [2] does. 
 
This paper shows how a new HDL simulation 
library tool [3] can be used when developing 
large designs in FPGA. A VHDL 
implementation of tableless DTC has been 
simulated and verified in combination with 
drive system simulation model. The results 
have been compared to pure Simulink 
simulations [4]. 
 
2. Description of the DTC arithmetic 
approach algorithm 
 
The main arithmetic modules used in the 
tableless DTC are torque estimator, voltage 
integrator, torque comparator, flux comparator, 
sector calculator and the optimum switching 
calculation, which uses arithmetic calculations 
to solve the switch states (see Fig. 1). 
 
The voltage integrator module includes 
algorithms for flux calculation: 
 

( )∫ −= dtiRuΨ xssxx , (2.1) 

 ( )∫ −= dtiRuΨ yssyy , (2.2) 

 



where  is  flux,  is stator voltage, Rs is 
stator resistance and ix,y is current. 

yx,Ψ sysx,u

 
Fig. 1 Tableless DTC-core block chart. 

 
The torque estimator calculates the torque using 
 

xyyx iΨiΨt −= ,   (2.3) 
 
where t is torque.  
 
In the flux comparator module it is decided 
whether the flux must be increased or decreased as 
two-bit vector 
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where φ is the output of the comparator, ψref is  the 
flux reference, ψhyst is the hysteresis limit of the 
flux and  
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Torque comparator module decides whether the 
torque must be increased, kept same or decreased 
as two-bit vector 
 

)sign( refMSB tt −=τ ,  (2.6) 
  

)(sign refhystLSB ttt −−=τ  , (2.7) 
 
where τ is the output of the comparator , tref is the 
torque reference and thyst is the hysteresis limit of 
the torque.  
 

In the optimum switching calculations module 
the voltage space vector command is formed 
using the outputs of the torque and the flux 
linkage controller. The voltage space vector 
command can be formed from a modified 
equation given in [5]  
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where θi is the quantized value of the angle of 
the flux linkage space vector θ,  τ is the torque 
hysteresis output and φ is the flux linkage 
hysteresis output.  
 
Now an arithmetically efficient way of 
calculating the switching commands is 
described. The method does not require explicit 
knowledge of the angle of the stator flux 
linkage space vector  (obtaining it is time 
consuming). Instead, it calculates the voltage 
reference by rotating the stator flux linkage 
vector using the angle in question (π/3 or 2π/3). 
The quantization operation is accomplished 
after the rotation. The rotated stator flux 
linkage vector is 

sψ
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 (2.9) 
 
where rotψ  is in fact the voltage command, 
which will be used directly to obtain the 
switching commands. After some arithmetic 
modifications  and  can be 
transformed into a form, which can easily be 
implemented using FPGAs. Modified 
equations are 
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where ψsx and ψsy are the estimated x and y 
values of ψ. Equations are divided by two to 
avoid the overflows in calculations. Dividing is 
allowed since only the angle of this quantity is 
necessary. From these algorithms switching 
commands can be obtained. 
 



3. HDL simulation library in Simulink 
 
HDL Simulation Library provides the ability to 
simulate HDL-based designs directly in Simulink 
models. All inputs and outputs of the HDL-based 
part can be accessed directly from Simulink. 
Digital simulation is possible on all design levels, 
from behavioral description to post place and 
route, with or without delay timing, which can be 
introduced via Standard Delay Files (SDF).  
The library acts as an interface between system 
simulation software - Simulink - and HDL 
simulation software - ModelSim2 logic simulator. 
The block diagram on figure 2 shows the idea of 
the library. Both simulators are synchronized to 
obtain valid, time-accurate results. 
 

 
 
 
 

system 

 
 
 
 

HDL 

numeric format
transform 

numeric format
transform 

Simulink ModelSim

in 

out 

 

HDL Simulation 
Library 

 

Fig. 2 The Idea of the HDL simulation library. 

 
Simulink is high-level system simulation software 
with excellent graphical interface. It offers a wide 
range of additional block sets and libraries as well 
as gives the ability to develop custom blocks using 
special S-functions in several different 
programming languages, which makes it very 
versatile.  
 
On the other hand, ModelSim is logic simulation 
software with advanced scripting abilities, which 
enables its complete automation. 
 
The graphical interface of Simulink is used while 
simulation is running. When the HDL code is 
simulated together with the rest of the system in 

Simulink, it is possible to create any kind of 
test patterns and exceptional conditions just 
changing properties of blocks in Simulink.  
 
The library is user-friendly, operating in the 
Simulink user’s interface. All the actions can 
be done trough the Simulink user interface, 
since the HDL Simulation Library blocks 
perform all necessary operations needed for the 
simulation, including compilation of source 
files. All operations considering HDL 
simulation and data interchange between the 
two simulators are carried out in the 
background.  
 
System designers may benefit greatly from 
using the HDL simulation library solution. 
Benefits include: 
 

• Full system simulation. The 
presented tool allows simulation of 
full mixed-signal systems, parts of 
which are described with HDL. 

• Reduced verification and testing 
cost. By moving the process of in-
system testing from real life to 
computer simulation cost of design 
verification can be significantly 
reduced. 

• Faster design development. Use of 
the presented tool allows finding 
errors on earlier stage of development 
in comparison to traditional methods. 

• Ease of use. No additional knowledge 
or training is required to use the 
presented tool, apart from ability to 
use of intuitional Simulink interface.  

 
HDL simulation library is developed by 
researchers from the Technical University of 
Lodz and Lappeenranta University of 
Technology. 
 
 

 
 



 
Fig. 3 Integrated simulation model of inverter and full motor model. 

 
 
  

 
Fig. 4 Controller part of integrated simulation model where VHDL-modeled DTC is made parallel and compared to the 

reference Simulink-model. 

 



 
 
4. Simulations 
 
The simulation and testing of the DTC implementation 
were done by using Matlabs Simulink and HDL 
simulation library for co simulation with VHDL-model in 
Modelsim. To test the full operation of DTC model a 
model of full drive system in Simulink was used as a 
reference. Full DTC and motor model were created in 
Simulink and parts of it were modified using HDL 
simulation library and VHDL-models. Full DTC model 
has successfully been used before [4] and compared 
results are reliable 
 
Fig. 3 presents an integrated simulation model used for 
testing and verification. Only the top-level is shown. 
 
Fig. 4 presents a controller model where VHDL-model of 
full DTC is made parallel with DTC in the Simulink. Both 
of these models can run the full drive system.  
 
When a reliable Simulink design can be used to verify 
VHDL-design the system testing and debugging are much 
faster and easier to perform. In this case full motor model 
can be ran with the both DTC models and differences can 
easily be found (see fig. 4). VHDL-model runs using a 40 
kHz clock signal, but it could be ran almost 1000 times 

faster. The profit, which can be gained with using faster 
clock, is accuracy of calculation. Switch commands 
cannot be given very fast because of the limited speed of 
the IGBT-modules. 
 
 
 
 
5 Test results 
 
VHDL- model were compared to the pure Simulink 
model. Both the torque behavior and switching commands 
were investigated. Fig. 5 shows the torque behavior, when  
torque is limited by the control. VHDL and Simulink 
model of DTC controls gave the same result. Estimated 
and actual torque follows the reference torque value in 
given limits. Limits are set to limit the switching 
frequency and torque ripple to appropriate values. 
 
Fig. 6 shows a short part of used switching commands. 
Slight differences could be found between the Simulink 
model and VHDL model. Differences come from the 
quantization of the values to 16 bits. When for example 
hysteresis values are first scaled and quantized to 16 bits, 
 

 

 
Fig. 5 Motor torque with DTC-control. Estimated torque is limited to 1.5 per unit value. 



 
Fig. 6 Switch commands from VHDL DTC model and Simulink DTC model. Command is transformed as integer from three 

but signal so that sA is MSB bit, sB is middle bit and sC is LSB bit. Both 7 and 0 are zero vectors. 

 
 

the smallest value change is different in these models. 
When values aren’t equal between Simulink-model and 
VHDL-model the results are obviously slightly different 
and decisions of switching commands come in slightly 
different places. 
 
6. Conclusions 
 
When using the HDL simulation library for verification 
and simulation of the full tableless DTC model great 
benefits could be gained. DTC model needs a lot of 
arithmetic operations. Thus extensive testing would need 
a lot of test vectors. Designing and coding these test 
vectors would be time consuming and troublesome. When 
using the HDL simulation library and the reference model 
in Simulink both the results and the needed test vectors 
could be gained fast and easily. 
 
A new product design cycle is much faster when a 
designed simulation model can be directly used to 
generate test vectors and result references to a VHDL or a 
Verilog model. 
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Abstract – Modern programmable logic circuits can be used 
when implementing drive control systems. Very fast arithmetic 
operations are possible instead of only the logic decisions. New 
testing methods for tableless direct torque control (TDTC) drive 
control algorithm in modern FPGA were developed and used. In 
this paper three steps to develop a drive system control in FPGA 
are presented. Firstly the idea is tested in Simulink1,TM with 
HDL-library, next the design is implemented on the used FPGA 
circuit and tested with dSPACETM in real time. Finally the 
design can be tested in real motor drive. 
  
 I. INTRODUCTION  
 
The increased size and speed of the modern programmable 
logic circuits have made it possible to implement very 
large-scale designs like vector control of AC motor drive. 
When a large design is implemented in the circuit it is very 
hard to verify the functionality of the design. Verification 
comes even more important when the design environment 
is sensitive to errors. For example, erroneous switching 
commands can cause serious damages to power electronics 
of motor drive.  
 
A recent paper by Monmasson et al. [1] presented an 
extension to the DTC concept [2]. The authors showed that 
no look-up table was necessary in implementation of the 
DTC. Instead, some arithmetic is required. The advantage 
of using the arithmetic approach is that it allows the sector 
boundaries to be changed easily. This improves the low-
speed performance of the drive. Moreover, it is possible to 
use space vector modulation instead of direct calculation of 
switch commands.  

 
The look-up table implementation has been very 
economical and efficient with digital hardware. With the 
recent development in the FPGA circuits, it has become 
possible to use more and more arithmetic, not only logical 
decisions. Therefore tableless implementation of the DTC 
may be possible and it is used as a case study.  
 
In this paper three steps for testing a motor control system 
using Virtex-II FPGA circuit is presented. TDTC is used as 
a case study for this purpose. Implementation of the TDTC 
algorithms in FPGA is shown in [3], thus only a brief 
introduction to the algorithms is given. Paper presents all 
the three steps and the results of first two of those. Also the 
differences of the simulation results and test results in 
TDTC case are described. 
 
 

 
II. SHORT INTRODUCTION TO TDTC ALGORITHMS 
 
The main arithmetic modules used in the TDTC are torque 
estimator, voltage integrator, torque comparator, flux 
comparator and the optimum switching calculations (Fig. 
1).  
 
The voltage integrator module includes algorithms for 
flux calculation: 

 
(∫ −= dtiRuΨ xssxx )

)

,    (2.1) 

 
(∫ −= dtiRuΨ yssyy ,    (2.2) 

 
where  is stator flux, u  is stator voltage, Ryx,Ψ sysx, s is 
stator resistance and ix,y is stator current, x and y denote 
scalar components of the vector variables. 
 
The torque estimator calculates the torque t using flux and 
current 
 

xyyx iΨiΨt −= .      (2.3) 

 
Fig. 1. Tableless DTC-core (TDTC) block diagram. 

 
 
 
 



In the flux comparator module decision is made whether 
the flux must be increased or decreased. Result is a two-bit 
vector 
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where φ is the output of the comparator, ψref is the scaled 
flux reference, ψhyst is the hysteresis limit of the flux and 
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Torque comparator module decides whether the torque 
must be increased, kept same or decreased. Result is a two-
bit vector 
 

)sign( refMSB tt −=τ ,    (2.6) 
  

)(sign refhystLSB ttt −−=τ  ,   (2.7) 
 
where τ is the output of the comparator, tref is the torque 
reference and thyst is the hysteresis limit of the torque. 
 
In the optimum switching calculations module the voltage 
space vector command is formed using the outputs of the 
torque and the flux linkage controller. The voltage space 
vector command can be formed from the modified equation 
given in [1]  
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where θq is the quantized value of the angle of the flux 
linkage space vector θ,  τ is the torque hysteresis output 
and φ is the flux linkage hysteresis output.  
 
Now an arithmetically efficient way of calculating the 
switching commands is described. The method does not 
require explicit knowledge of the angle of the stator flux 
linkage space vector ψ  (obtaining it is time consuming). 
Instead, it calculates the voltage reference by rotating the 
stator flux linkage vector using the angle of π/3 or 2π/3. 
The quantization operation is accomplished after the 
rotation. The rotated stator flux linkage vector is 

s
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srot jψψeψψ j +=⋅= ,   (2.9) 
 
where ξ is the rotation angle, rotψ  is in fact the voltage 
command, which will be used directly to obtain the 
switching commands. After some arithmetic modifications 

 and ψ  can be transformed into a form, which can 

easily be implemented using FPGAs. Modified equations 
are 
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where ψsx and ψsy are the estimated x and y values of ψ. 
Equations are divided by two to avoid the overflows in 
calculations. Dividing is allowed since only the angle of 
this quantity is necessary. From these algorithms 
switching commands can be obtained identically 
compared to the DTC application [2]. 
 

III. THREE STEPS TO TEST A MOTOR CONTROL 
SYSTEM IN FPGA 

 
 Step one, verify calculations with a Simulink model 

 
First the testing and co-simulation of algorithms is done 
with the use of Simulink-model and HDL-simulation 
library [4]. With this it is possible to correct the algorithms 
to correspond to the model in Simulink. HDL-simulation 
library is presented in fig. 2. 
 
Verification of programmable logic and also ASIC 
(Application Specific Integrated Circuit) design, which are 
based on HDL-languages, is very problematic. Testing the 
whole design and all possible input combinations means 
easily many million test vectors in small designs, and with 
larger design there could be even more combinations that 
can’t be generated in reasonable time. This means that 
random test vector method is inefficient and time 
consuming. With selected test vectors it is possible to 
reduce the amount of testing time to reasonable level but 
the selection of vectors is not straightforward. 
 
With good knowledge of system under test it is possible to 
choose appropriate test vectors but still there could be 
some conditions, which are not met, thus the full behavior 
of the system will not be clarified. This happens especially 
when tested logic design is part of bigger systems, which 
contains also mixed signal parts. The testing of the whole 
system must be done to guarantee its correctness. 
 

 
Fig. 2. ModelSim2-Simulink co-simulation environment [4] 

 



One way to do it is to simulate the HDL-based design with 
simulation model of the rest of the system together.  
 
The HDL-simulation library enables the simulation of the 
HDL-based designs in Simulink. The I/O-interface of the 
HDL-design is directly accessible from Simulink. The 
HDL-design can be done in all possible design levels i.e. 
from behavioral to post place and route. 
 
Simulink offers good graphical interface, which can be 
used while simulation is running. When the HDL-code is 
simulated together with the rest of the system in Simulink, 
it is possible to create any kind of test patterns and 
exceptional conditions just by changing properties of 
blocks in Simulink. 
 
Fig. 4 presents the used simulation model, which includes 
the inverter, motor and mechanical load models. TDTC 
block is included in converter model. 
 
In fig. 5 the torque result, which is calculated from the 
motor model running in Simulink and controlled by HDL-
based TDTC-model is presented. 
 

Step two, verify implemented algorithms with dSPACE 
using hardware in loop method 

 
The implementation was tested with hardware in loop 
method, which shows that system works also on chip. 
Hardware in loop method is presented in fig 3. 

 
With the use of dSPACETM real time platform, it is 
possible to test the FPGA implementation of the control 
algorithm with real time motor drive emulator. This way 
the possible remaining errors in the implementation can be 
found and eliminated without causing damages to the final 
target system. 
 
dSPACETM real time platform also gives us a good 
graphical user interface, which can be modified to fulfill 
needed requirements. Used user interface is presented in 
fig. 6. 
 
In fig. 7 the torque result, which is calculated from the 
motor model running in dSPACE and controlled by HDL-
based TDTC-model in real FPGA is presented. 

  
FPGA

Control  system

dSPACE

Motor model
Model monitoring

sA

sB

sC

Torque estimate
Flux estimate
Torque reference  

Fig. 3 Hardware in loop method where dSPACE is running motor model. 

 
 

 
 

 
Fig. 4. Integrated simulation model of inverter (includes the HDL-based TDTC-model) and a full motor model. 

 



 
Fig. 5. Motor torque with TDTC-control. Estimated torque is limited to 1.5 per unit value, which causes the difference at the start. 

 
 

 
Fig. 6. Used user interface in dSPACETM real time platform.  

 
 



 
Fig. 7 Motor torque when TDTC is implemented in real FPGA. Torque reference is set to 50 Nm. The nominal torque for simulated PMS motor is 157 

Nm. FPGA torque reference is fed as an 8-bit value.  

 
Step three, implementing FPGA in the drive system 

 
Finally the system has to be implemented in the real drive 
control system. In the real drive system dSPACE is used to 
measure DC-link voltage and motor currents. Torque 
reference can be calculated in dSPACE and fed to the 
FPGA circuit. As a testing environment a commercial 
inverter can be used but it has be modified to be controlled 
by FPGA board. The test system is presented in fig. 8.   
 
Used FPGA-board, which includes Virtex-II one million 
gate FPGA circuit is presented in fig. 9. 
 

MOTORINVERTER
FPGA-BOARD
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dSPACE

Measurements
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sA
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CONTROL SYSTEM

 
Fig. 8 Test environment to test tableless DTC modulator. sA, sB, and sC 
are the switch commands, pA, pB, pC are the motor phase currents and 

UDC is the bridge voltage. 

 

 
Fig. 9 Used FPGA-board, which includes Virtex-II one million gate 

FPGA-circuit. 

 
 
 

IV CONCLUSIONS 
 
The three steps to test a motor control algorithms in FPGA 
turned out to be very efficient.  
 
At first the TDTC was tested in Simulink with HDL-
library. Co-simulation has many advantages: 

• It is possible to have full system simulations even 
with mixed-signal parts. 

• Having full system simulations in computer 
reduces verifications and testing costs compared 
to full system testing in real hardware. 

• There is no need to create separate test vectors 
manually. 

• Simulink offers easy-to-use environment for 
simulations. 



• HDL-designs can be tested during development 
process and errors can be found earlier. 

 
Next the implemented TDTC-model was tested with 
hardware in loop method. Hardware in loop method’s 
advantages are: 
 

• The design is tested after it is implemented in real 
FPGA and the possible problems of the final 
implementation can be found. 

• Testing is real-time. 
• Easy to test different situations example in load. 

 
The needed enhancements to these testing methods are:  
 

• Tools used to test these codes are expensive. 
• Co-operation between SimulinkTM and HDL-

library can be slow for the time being. 
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Abstract—Development of PLDs (Programmable Logic 

Device) like large FPGA (Field Programmable Gate Array) 
circuits allow those to be used as modern control platforms for 
power electronics. The increase of the computational power 
makes it possible to implement a whole control system inside 
one chip. This single chip solution needs efficient design 
methodology to be developed for system implementation. In 
this paper a new architecture for an FPGA circuit in power 
electronics control is presented. Motor drive system controlled 
by one million gate Virtex-II FPGA circuit is presented as a 
test case.  

 

I. INTRODUCTION 
Embedded control in power electronic systems is 

traditionally implemented with a processor and an ASIC 
(Application Specific Integrated Circuit) [15]. Typically 
processor is running slower control algorithms with a real 
time software while ASIC executes fast logic algorithms. 
Functional changes to these systems require typically 
changes in the software and also in the hardware. Now 
when PLDs (Programmable Logic Device) have developed 
rapidly, the whole control system can be implemented in 
one circuit with or without a processor inside it [11,16]. 
These large control systems are hard to develop and 
maintain without an efficient architecture inside the chip 
[12]. The architecture should be flexible and it should also 
support modular design so that changes in one module do 
not have any influence on the other modules [10]. In this 
paper such architecture, called OKITO-architecture, is 
presented. 

 
PLDs have been used in power electronics for a long 

time. Until now they have been used to replace discrete 
logic and to accomplish fast logic functions, which cannot 
be done with processor running other control algorithms [1-
9, 14, 15]. Now when PLDs have developed with size and 
speed it is possible to utilize them more efficiently. Work 
has been done by many researchers concerning testing and 
development of these control systems.  

 
Also design methodology has become very important 

topic when the amount of needed software has grown 
rapidly [10,14]. In these papers the idea of the modular 
design and software component libraries have been 
presented. However, those papers do not include any 
specific structure, which could be utilized in the PLD-based 

control software development. In this paper such a structure 
and methodology are presented. 

 

II. OKITO-ARCHITECTURE 
OKITO-architecture is created for power electronic 

control purposes. That is why it is not optimized for the data 
transfer speed. The idea is to shorten product design times, 
to improve maintainability and to make software modular. 
Also the use of C-language codes is taken into account by 
utilizing software processors. 

 
Architecture consists of: 

• Bus (1) 
• Control block (2) 
• Control processes and processor connection to 

control block (3) 
• Template interface to bus (4) 
• Connection interface for third party IP-block 

(Intellectual Property) connections (5) 
• Test modules (6) 
• Interface between OPB (On-Chip Peripheral 

Bus) and OKITO-bus (7) 
• Software processor, C-coded user module (8) 
• User module (9) 

 
Numbers point to the same structure illustrated in Fig. 1. 
 
 

 
Fig. 1 Architecture includes control block, bus structure, glue logic blocks 

for user modules and processors to the bus and test module. 
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To make the OKITO-architecture flexible for different 

situations it is made configurable. Bus width (address and 
data), number of modules, number of control processes, 
number of architecture registers, number of each module’s 
registers and module addresses are given as parameters for 
the architecture. Using these parameters the correct structure 
is automatically generated for the control software. After 
this the codes for modules are added using a module 
template. The state machine template is used to describe the 
state transitions in control processes and data transitions 
between modules. Both, the user modules and the control 
processes can be coded in C-language using software (sw) 
or hardware (hw) processors.  

 
Each module is an independent block, which does not 

make any decisions about how the modules work together. 
Control processes are the ones, which make the connection 
between modules and generate the system activities. This 
way for example the same A/D-conversion module can be 
directly used in different projects, only control process has 
to be changed. 

 
Data transfers and setting of the parameters for each 

module is done through registers. All the modules have a 
same configurable number of basic registers. Additionally, 
each module can also have a configurable number of special 
registers.  

 
Module template creates the interface to the bus after 

getting the needed parameters from architecture package. 
Template also includes the bus timing control and the 
controls of read and write sequences. This way there is no 
need to write any bus dependent VHDL  (Very high-speed 
integrated circuit Hardware Description Language) code. 

 
Bus efficiency is dependent on the used bus clock 

frequency and data width. Using 24 MHz bus clock and 16 
bit data the theoretical data transfer rate is 88 Mbits/s. This 
includes two bus actions; reading data from one register and 
writing it to another register. If there are activities that have 
a lot of bilateral data transmissions there is a possibility to 
use direct connections between two modules. This way the 
bus is not loaded too much and the fast data transfer can be 
still made. 

 
Needed resources for the OKITO-architecture are 

dependent on the amount of implemented registers and 
modules. Needed recourses can be estimated using (1) 

 
R = 13Nm +7.5Nr +423Np+50,      (1) 

 
where R is needed recourses in slices (Xilinx) for the 

OKITO-architecture, Nm is number of modules, Nr is total 
number of registers and Np is number of processor 
connections. Equation (1) is derived from several designs 
and synthesis settings. Still it is only an approximate for 
final design because the synthesis settings have an influence 

to the final implementation. 
 

III. MOTOR CONTROL SYSTEM WITH OKITO-
ARCHITECTURE 

The first test case for the architecture is a motor inverter. 
Modulator, A/D-conversions and communication modules 
were created and added into the OKITO-architecture using 
ready-made templates. System activities are created by two 
control processes. First one takes care of data transfer 
between the communication module and the other modules. 
The other one was taking care of the data transfer between 
the modulator and the measurements. In figure 2 the block 
diagram of the OKITO-architecture in motor control system 
is presented. 

 

 
 

Fig. 2 Block diagram of the motor control system implemented in FPGA 
using OKITO-architecture. Architecture includes modulator, A/D-

conversion, communication and test modules. System activities are done 
with two control processes. 

 
The modulator is based on SVPWM (Space Vector Pulse 

Width Modulation) including a protection against 
simultaneous switching and dead time compensation. The 
A/D-conversions give the measurement results of the motor 
currents, DC-link voltage and IGBT temperature. 
Communication module handles communication to the 
higher-level control tasks running in a processor. The 
processor transmits voltage references every 100 us and 
receives measurement information at the same time level. In 
figure 3 a measurement result of the working structure is 
presented. 

 

 
 

Fig 3. Measurement result of the working structure inside the FPGA. Bus 
signals are measured with a logic analyzer through a test module, which 

connects the bus signals directly to the I/O of the control board. 
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Using equation (1) it can be approximated, that the 

OKITO-architecture uses 429 slices in this case where 3 
modules and 45 registers is needed to the design. When the 
needed resources of the modules (1900 slice) and control 
processes (250 slice) are added, the total use of resources 
increases approximately to 2579 slices. This is 50 % of the 
total slice amount of the one million gate Virtex-II circuit. 
Actual use of slices after implementation is 2566 slices. 
Equation (1) gives a good approximation of the needed 
recourses for OKITO-architecture in a particular design. 

 
In the test case a commercial inverter was used. However, 

the original control board was replaced by a new control 
board including a FPGA circuit. The control board for the 
tests is presented in Fig. 4. 

 
 

 
 
Fig 4. FPGA-based control hardware of the motor control system. One 

million gate Virtex-II circuit can be seen in the middle of the board. 
 

IV. FUTURE IMPROVEMENTS 
Developed architecture is a part of the bigger power 

electronics project, where this new design method must be 
tested with the overall systems. In the project several 
succeeding designs will be implemented. With the 
knowledge gained from those designs the benefits of the 
software component library for product design time can be 
estimated. Also the bus structure must be further developed 
so that processors can be utilized in the design. This way the 
single chip design using processor inside the chip is possible 
[16]. Further things to be developed are a Unified Modeling 
Language (UML) design tool for the OKITO-architecture 
and the control state machines.  

 

V. CONCLUSION 
Presented control system with an FPGA circuit using the 

new OKITO-architecture have many benefits: 
 

Benefits in control hardware: 
• Better reliability  
• Better EMC (Electro-Magnetic 

Compatibility) tolerance  

• Less components 
• Smaller PCB (Printed Circuit Board) 
• Smaller power consumption 
• Smaller costs 

 
Benefits in software: 

• Faster response times in control algorithms 
• Software modules can be used as a library of 

components 
• Flexible use of third party IP-blocks 
• Easy update of the control software 
• Easy testing of the control software 
• Possibility to use C- and HDL languages at 

the same time 
• Faster product design 
• Constant base structure 
• Better control of timings 
• Smaller costs 
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Abstract 

Development of PLDs (Programmable Logic 
Device) like large FPGA (Field Programmable Gate 
Array) circuits allow those to be used as modern 
control platforms for power electronics. Using FPGAs 
and efficient control algorithms better response times 
can be gained compared to processor implementations. 
When using a large FPGA circuit an efficient structure 
has to be used to get a short time to market time and to 
handle the whole software structure. In this paper a 
switch-mode welding machine control implementation 
in FPGA circuit is presented using a new bus structure 
called OKITO as a base. Also results of fast response 
times in current control are shown. 

1. Introduction 

PLDs have been used in power electronics for a long 
time. Until now they have been used to replace discrete 
logic and to accomplish fast logic functions, which 
cannot be done with processor running other control 
algorithms [1-11]. Now when PLDs have developed 
with size and speed it is possible to utilize them more 
efficiently [14]. Work has been done by many 
researchers concerning testing and development of 
these control systems.  

Design methodology has become very important 
topic when the amount of needed software has grown 
rapidly [10,12]. These large control systems are hard to 
develop and maintain without an efficient architecture 
inside the chip [13]. The architecture should be flexible 
and it should also support modular design so that 
changes in one module do not have any influence on 
the other modules [10]. In the paper [15] such a 
methodology (OKITO bus) is presented and used in a 
other power electronic application, motor inverter. In 
this paper a novel implementation of a switch-mode 
welding machine control system using the same 
OKITO bus architecture is presented.  

In Fig. 1 a structure of the switch-mode welding 
machine is presented  [16]. In the switch-mode welding 
machine control the load current is given as a reference 
value and then the primary current of the transformer is 
switched controlling the inverter bridge on the primary 
side of the transformer.  

Fig. 1 The structure of the switch-mode 
welding machine  

In this type of a control it is essential to have a fast 
response to the changes of the output current and the 
primary current. A welding process is typically 
characterized by a wide load range from no load to 
short circuit as well as fast load current changes [17]. 
The fastest process times are in the range of 100� ns�
[18]. So a FPGA based control system is the most 
efficient way to make configurable control software for 
the switch-mode welding machine. 

2. The OKITO bus structure in a welding 
machine 

OKITO-architecture is created for the power 
electronic control purposes. That is why it is not 
optimized for the data transfer speed. The idea is to 
shorten product design times, to improve 
maintainability and to make HDL based software 
modular. Also the use of C-language codes is taken 
into account by utilizing software processors [14,15].  

Architecture in welding machine control consists of: 
• Bus (including direct bilateral data 

Proceedings of the 2005 International Conference on Reconfigurable Computing and FPGAs (ReConFig 2005) 
0-7695-2456-7/05-$20.00 © 2005 IEEE



connections) 
• Control block 
• Control process for processor connection  
• Connection interfaces between bus and 

modules 
• Modules (fast A/D, slow A/D, current 

controller and processor communication), 

The welding machine control structure is illustrated 
in Fig. 2. 

Fig. 2 Architecture in welding machine control 
case includes control block, bus structure, 

glue logic blocks for user modules (Modulator, 
Slow A/D, Fast A/D and Processor 

communication) and a control state machine 
to control processors commands to the 

modulator. 
A/D measurement results are connected directly to the 
modulator to decrease the data transfer in the bus. Fast 
A/D measurement is also needed too often for the bus 
structure to accomplish these transfers. 

The need of the resources for the bus structure can be 
approximated using (1)  

R = 13Nm +7.5Nr +423Np+50, (1) 

where R is needed resources in slices (Xilinx) for the 
OKITO-architecture, Nm is number of modules, Nr is 
total number of registers and Np is number of processor 
connections [15]. As a simulation tool a Mentor 
Graphics Modelsim was used and for development and 
synthetisation a Xilinx ISE 7.1i tools were used.  
Equation 1 gives a need of 192 slices for the bus 
structure in this case. When the need of the modules 

(1320) and control process (30) are added to that the 
total sum of the approximation of the needed resources 
is 1542 slices. After final synthesis the total use of the 
resources was 1558 slices. A Spartan III (XC3S400) 
FPGA chip was chosen for the prototype. This chip has 
more than enough resources for the design. Total 
design uses 43 per cent of the chip resources.   

3. Welding Machine prototype 

As a control method a current control was used. A 
type of a sliding mode control was implemented in the 
FPGA. Fastest response time for the control is below 
100 ns. The details of the control method are not 
included to this paper but will be published in a other 
paper in near future. 

A prototype of the switch-mode welding machine was 
build from a commercial welding machine adding a 
FPGA card to replace the fastest analog parts of the 
control. Old processor interface was left to import the 
reference of the load current. Reference for the load 
current was controlled with a potentiometer by the 
user. FPGA was controlling the output current to given 
reference by controlling IGBT switches in primary side 
of the transformer shown in Fig. 1. Picture of the 
prototype is presented in Fig. 3.   

XC3S400 FPGA chip

Load connection

Line connection

Program memory

Processor

Reference set

Fig. 3 Picture of the switch-mode welding 
machine prototype with a FPGA card on it. 

The prototype welding machines nominal values were 
500 A and 50 V. As a load an artificial load (resistive) 
was used.  

4. Measurement results 

Tests were done only with the artificial load so no true 
welding was really tested. In Fig. 4 a simulation result 
from bus data transition is shown.  
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Fig. 4 Simulation result from a bus data transition of the reference movement from the processor 
communication module to the modulator module. Modelsim was used as a simulation environment. 

From Fig. 4 we can see that the reference transition 
from the processor communication module to the 
modulator module takes less than 1 μs. Also there is a 
lot of idle time in the bus so many new activities could 
be added to the design.  

In Fig. 5 a step response is shown where the reference 
was set to a 120 A. 

Fig. 5 A step response to 120 A load current 
operation using an artificial load. Load current 
is illustrated with the blue line and the primary 

side current with the red line. 

From measurement results shown in Fig. 5 we can see 
that the reference current is gained in few hundred 
microseconds. Step response result is thus very good. 
The load current is altering in the switching frequency, 
which is typical behaviour for the switch-mode power 
supplies with a fast load response time.  

5. Conclusion 

Field-programmable devices combine the flexibility of   
software with the performance of hardware. The 
utilization of these both features was described in this 
paper in the field of power electronic applications, 
switch-mode welding machine. In this case the use of a 
FPGA circuit allowed removing the analog non-

configurable control part with a programmable module 
inside a FPGA circuit. Thus the fastest control 
parameters are also configurable in running mode 
without any hardware changes. Benefits gained when 
using modular design architecture and fast calculation 
can be summarized to: 

Benefits in control hardware: 
• Better reliability  
• Better EMC (Electro-Magnetic 

Compatibility) tolerance  
• Less components 
• Smaller PCB (Printed Circuit Board) 
• Smaller power consumption 
• Smaller costs 

Benefits in software: 
• Faster response times in control 

algorithms 
• Software modules can be used as a 

library of components 
• Flexible use of third party IP-blocks 
• Easy update of the control software 
• Easy testing of the control software 
• Possibility to use C- and HDL languages 

at the same time 
• Faster product design  
• Constant base structure 
• Better control of timings 
• Smaller costs 
• Reconfigurable structure 
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Open-loop Adaptive Filter for Power Electronics
Applications

Julius Luukko, Kimmo Rauma

Abstract— An open-loop adaptive filter which can be used
in various power electronics control systems is presented.The
purpose of the filter is to give as fast step response as possible
while retaining good noise cancelling properties. The proposed
filter consists of a first order IIR filter coefficients of which are
adapted according to the changes in the input signal. Especially
good performance is obtained if the filter must suppress a low
frequency narrow band noise. The performance of the filter is
verified through step response simulations and with a laboratory
prototype of a welding machine. The control system of the
prototype is implemented on an FPGA. The proposed filter is
compared to two optimum linear filters, the moving average
filter and a filter which step response and white noise gain
are both optimized. The step response simulations show that
with the proposed filter the step response time can be decreased
considerably compared to these filter. The prototype also shows
that when using the proposed filter, the step response of the
welding current can be made better than that of the original
analog control.

Index Terms— IIR digital filter, adaptive filters, welding, field
programmable gate arrays

I. I NTRODUCTION

M ANY power electronics control systems make use of
signals that are DC by definition. Various sources of

noise contaminate these signals and filtering is required in
order to keep the performance of the system adequate. The
set point changes of the signal must be captured with as
short delay as possible. The time domain characteristics of
the applied filters are therefore usually more important than
the frequency domain characteristics. Thus, the step response
of the filter is very important.

For added white noise the moving average (MA) filter is the
optimum FIR filter. MA filter’s step response is not, however,
very good. The well known delay of a linear phase FIR filter is
too long. If the linear phase characteristic can be abandoned,
FIR filters with shorter step response can be designed. In [1]a
design method is presented, which minimizes the output noise
power as a function of a single weighting parameter. This
parameter affects the delay of the step response resulting in a
step response that is between the trivial identity filter andthe
MA filter.

If in addition to wide band noise the noise contains narrow
band noise, e.g. due to switching power supply, a FIR filter
may not suite very well. The filter length may become too
long, particularly if the noise frequency is low, resultingin
longer step response delay. Filters designed with the method
presented in [1] suffer the same drawback. An often proposed
and used method is to use sampling synchronous to switching
instants (see e.g. [2]). This suits to motor drive applications
with constant switching frequency. Control strategies like the

DTC [3] do not have a constant switching frequency, thus
preventing the use of this solution. In welding machines the
load impedance may decrease to zero faster than the switching
sample time. Therefore the sampling frequency of the current
measurement must be an order higher than the steady state
switching frequency.

Adaptive filters have uses in all areas of signal processing.
Mostly closed-loop adaptation (see Fig. 1(b) [4]) is used.
Closed-loop adaptive filters adapt the filter parameters with
an adaptation algorithm that takes its input from the output
of the filter or/and the input signal. This arrangement has its
uses e.g. in prediction and system identification. Open-loop
adaptation (Fig. 1(a) [4]) is not that intensively used. The
difference to closed-loop structure is that the output of the
filter is not used in the adaptation algorithm, instead only the
filter input signal and some other signal, not necessarily related
to the filter input, are used. Open-loop adaptive filters have
been reported to be used e.g. in frequency estimation of non-
stationary signals [5], in interference suppression in spread-
spectrum communications [6], and in speech enhancement
algorithms for digital hearing aids [7].

In this paper, it is proposed that in power electronics appli-
cations requiring fast step response, a first order IIR filterwith
open-loop adaptive filter coefficients is used. In the proposed
algorithm “other data” is obtained by highpass filtering the
signal itself. The proposed method moves the single pole
of the main filter so that the step response is minimized
during transients and in steady state the filter acts like a
constant coefficient first order IIR filter. The performance
of the filter is shown through simulations and as part of a
laboratory prototype of a welding machine. The control system
of the prototype is implemented on an FPGA. Other possible
applications are in control of rotating AC machines, where
the filter can be used to filter the error signal of a voltage
model integrator and the estimated torque in open-loop vector
control (modification of the structure presented in this paper
is presented in [8]).

The main contribution of this paper is to present a filter
structure that has considerably shorter step response timethan
the step response and step response optimized filter of [1]. In
consequence the proposed filter also has shorter step response
than that of the moving average filter, which is an optimum
filter if only the white noise power gain is minimized. When
these filters are compared in this paper, the white noise power
gain is set equal.

Section II of this paper presents the derivation of the
filter: the adaptive filter structure, the adaptation algorithm
and a high-pass filter for the adaptation algorithm. Section
III presents simulations of the step responses of the proposed
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Processor

Other data

(b) closed-loop adaptation

Fig. 1. The principle of adaptive filters [4].

filter with different parameters. The performance is compared
to the moving average filter and the step response optimized
filter presented in [1]. In Section IV measurements with an
application example (welding machine) are presented. Finally,
Section V concludes the paper.

II. DERIVATION OF THE FILTER

The structure of the proposed open-loop adaptive filter is
presented in Fig. 2. The system consists of an adaptive filter,
adaptation algorithm, and the generation of an adaptation
signal from the input signal.

Since the target is to have a filter with a fast step response,
the filter must observe when the input signal changes rapidly.
Rapid changes are seen as high frequencies in the frequency
domain and therefore a highpass filter can act as a step
detector. Therefore a highpass filter is used as a method to
generate “other data” to the adaptation algorithm. In orderto
the adaptive algorithm to be simple, a first order IIR filter is
used as the adaptive filter. This way, only two parameters must
be adapted.

In the following, the adaptive filter and the highpass filter
are described in detail.

Adaptive
filter

Adaptation
algorithm

Highpass
filter

y(n)

Output
signal

Input
signal

x(n)

yhp(n)

Fig. 2. The structure of the proposed open-loop adaptive filter.

A. Adaptive filter and adaptation algorithm

The derivation of the filter is started in continuous time.
The transfer function of a first order lowpass filter with time
constantTf is

H(s) =
1

1 + sTf

(1)

Specifying the filter with continuous time quantities aids later
in dimensioning the filter. Discretization with backward Euler
method (s = (1 − z−1)/Ts) gives the discrete time transfer
function

H(z) =

Ts

Ts+Tf

1 −
Tf

Ts+Tf
z−1

=
b0

1 + a1z−1

(2)

where

b0 =
Ts

Ts + Tf

(3)

a1 = −
Tf

Ts + Tf

(4)

This filter is used both as the adaptive filter and as a basis of
the highpass filter used to adapt the filter coefficients.

The difference equation corresponding to the discrete trans-
fer function of (2) is easily written as

y(n) =
Tf

Ts + Tf

y(n − 1) +
Ts

Ts + Tf

x(n) (5)

or
y(n) = −a1y(n − 1) + b0x(n). (6)

The time constantTf directly affects the step response time.
By varying Tf the step response time can be easily changed.

It is seen that, whenTf → 0, y(n) → x(n). Thus, the
smallerTf is, the more precisely the output follows the input.
Therefore,Tf is made an adaptive parameter, which is changed
according to the changes in the input signal.

Computationally more economical is to use the parameters
a1 and b0 as the adaptive parameters than to calculate new
values forTf/(Ts + Tf) andTs/(Ts + Tf). It is seen that

b0 = 1 + a1. (7)
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In consequence the gain at zero frequency is one.
a1 is obtained as follows. When the input signal is constant

(contaminated only with noise),Tf should make the filter act
as a lowpass filter. Thus when the input signal is constant,a1

should be
a1 = a1min = −

Tf

Ts + Tf

(8)

wherea1min indicates that this value is actually the minimum
value for a1. In step changes of the input signal, the output
should follow the input as precisely as possible. This implies
as shortTf as possible and thus as smalla1 as possible.

When the input signalx(n) changes rapidly from a constant
value, the output of the highpass filteryhp(n) changes rapidly
from zero to a non-zero value. If this non-zero value is now
added to the minimum value ofa1, a value fora1 can be
obtained which makes the output of the adaptive filter follow
the input more rapidly.

If the output of the highpass filter is denoted asyhp(n),
thena1 may be written as

a1 = a1min + ka|yhp(n)| (9)

where ka is a positive sensitivity coefficient. The absolute
value of yhp(n) is used since the filter should act the same
regardless of the direction of the change in the input signal.

a1 should be negative and for a stable filter,|a1| < 1.
Stability is guaranteed, since−1 < a1min < 0. Thus, in the
adaptation algorithma1 must only be limited below 0.

The adaptation algorithm is thus:

a1(n) = a1min + ka|yhp(n)|, (10)

b0(n) = 1 + a1(n), (11)

and the filter output similar to (6)

y(n) = −a1(n)y(n − 1) + b0(n)x(n). (12)

where indexn has been added toa1 and b0 to indicate their
dependence on time.

B. Highpass filter

The highpass filter which output is used as an input to the
adaptation algorithm does not have to have anything common
with the adaptive filter. However, since the effect of adaptation
is desired during transients, it is favorable to have the highpass
filter’s response similar to the non-adaptive lowpass filterwith
time coefficentTf . Thus, the highpass filter is obtained with

Hhp(z) = 1 − H(z) (13)

where H(z) is the steady state frequency response of the
adaptive lowpass filter in (2). By substituting (2) in (13), it
follows that

Hhp(z) =

Tf

Ts+Tf

(

1 − z−1
)

1 −
Tf

Ts+Tf
z−1

. (14)

The difference equation for the highpass filter is thus

yhp(n) =
Tf

Ts + Tf

yhp(n − 1) +
Tf

Ts + Tf

[x(n) − x(n − 1)] .

(15)
This is used in (10) for calculation of the current value ofa1.

III. SIMULATIONS

A. Step response with an ideal input signal

The first simulation is a simple step response with input

y(n) =

{

0, whenn < nstep

1, whenn ≥ nstep

(16)

and no added noise. The results are shown in Fig. 3 with
different values ofka. Fig. 3(a) presents the actual output of
the filter and Fig. 3(b) the output of the highpass filter. It is
seen that the step response time can be decresed considerably
compared to a first order constant coefficient IIR filter. The
output of the highpass filter rises rapidly in the step and
therefore changes the behaviour of the adaptive filter as
expected.

B. Step response with an input signal with noise

The following simulation has the parameters equal to the
welding machine application, which will be presented in
Section IV. The input signal is contaminated by a sawtooth
generator with a frequency off = 1/20 (F = 50 kHz with
a sample frequency ofFs = 1 MHz). The sawtooth simulates
the noise generated by the switching of power switches at a
constant switching frequency. The amplitude of the sawtooth
is 10 % of the step.

In steady-state the filter must suppress the noise enough.
The steady-state filter time constantTf is set to twice the
period of the noise resulting in discrete time coefficients of

b0 = 24.4 ·10−3 (17)

a1 = −0.976 (18)

At the noise frequency the steady state magnitude response is
∣

∣

∣

∣

H

(

f =
1

20

)∣

∣

∣

∣

≈ −22 dB (19)

The proposed filter is compared to a moving average (MA)
filter and a step response minimized FIR filter (dimensioned
with the method of [1]).

The moving average filter can be dimensioned in two ways
for the comparison: either by requiring as much attenuation
at the noise frequency or by requiring as much white noise
power cancellation. In the applications there will be white
noise present and therefore the latter method is selected.

The noise power gain of the steady state causal first order
IIR filter is

σ2
y

σ2
x

=

∞
∑

n=0

h2(n) =

∞
∑

n=0

(b0a
n
1 )

2
=

b2
0

1 − a2
1

(20)

With the parameters of (17) and (18)

σ2
y

σ2
x

≈ 0.0123. (21)

The white noise power gain of the causalM tap MA filter is

σ2
y

σ2
x

=

M−1
∑

n=0

h2(n) =

M−1
∑

n=0

(

1

M

)2

=
1

M
(22)
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Fig. 3. Step response of the proposed filter with different values ofka. If ka = 0, the filter acts like a constant coefficent first order lowpassfilter.

Setting this equal to 0.0123 and solving forM gives the
required length of the MA FIR filter asM = 82. The
attenuation atf = 1/20 is −32 dB.

With the step response minimized FIR filter the same noise
power gain can be obtained with several combinations of
filter lengths and weighting factorsW . Some of possible
combinations are presented in Table I. The table also shows
the gain at the sawtooth frequencyf = 1/20. As can be seen
in the table, the attenuation is not enough with any of the
filters. Furthermore, it is seen, that the weighting factor is

quite near zero. A zero weighting factor would give a MA
filter, and therefore it is expected that in this case the step
response optimized filter will not be much better compared to
the MA filter with an equal white noise power gain.

The simulation results comparing the proposed filter, MA
filter and the step response minimized filter can be seen in Fig.
4. The proposed filter has clearly the shortest step response
from a moderate value ofka = 0.05.
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Fig. 4. Step response of the proposed filter, moving average filter and the step response optimized filter with added sawtooth noise.

TABLE I

COMBINATIONS OF FILTER LENGTHS AND WEIGHTING FACTORS GIVING

THE SAME WHITE NOISE GAIN AS A82 TAP MA FILTER.

Filter length Weighting factor Gain atf = 1/20 [dB]
110 0.00007 -17.839
120 0.00023 -17.643
150 0.00046 -16.605

C. Conclusion

The simulations show that with a largeka it is possible to
obtain a step response time almost equal to the trivial identity
filter. However, after the output has risen to the step value,the
filter passes the input signal through almost unmodified for
about the time constant of the steady state filter. If this is a
problem to the performance of the application, decreasingka

improves the attenuation after the transient.
The proposed filter was compared to the moving average

filter and the step response minimized filter. The white noise

power gain was set the same in all the filters. The results show
that the proposed filter has the shortest step response time.

With a moving average filter it would be possible to suppress
a single noise frequency totally. Unfortunately if the noise
frequency is low, the filter length would become high resulting
in poor step response. The simulated case leads to this.
Therefore the step response performance of the MA filter is
worse than that of the proposed filter.

The step response minimized filter suffers from the same
problem as the MA filter. Being a linear FIR filter, a zero
at a low frequency results in a long filter. Thus the step
response performance is about the same as that of MA filter
and therefore worse than that of the proposed filter.

The proposed filter has a further advantage over the moving
average filter and the step response minimized filter. The
proposed filter requires considerably less resources when
implemented on an FPGA or a microprocessor. The FGPA
implementation of the proposed filter requires only 6 words
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of memory whereas the memory requirements of the compared
filters is directly proportional to the length of the filters.

IV. L ABORATORY RESULTS

A. Description of the test setup

The proposed filter is applied in filtering the rectified sec-
ondary winding current of a welding machine. The structure of
a switch-mode welding machine as presented in [9] is shown
in Fig. 5. The actual arrangement of the diode and inverter
bridges and the diode rectifier varies. In the modification of
the commercial welding machine used in this test, the diode
bridge is a three-phase six pulse rectifier, the inverter bridge is
an H-bridge and the diode rectifier is a full-wave single-phase
diode bridge.

A welding process is typically characterized by a wide load
range from no load to short circuit as well as fast load current
changes [10]. The fastest process times are in the range of
100 ns [11]. Fast startup response times decrease e.g. the
amount of spatter [12]. These requirements have been hard
to fulfill with digital control and the original control system
of the commercial welding machine uses partly analog control.
The proposed filter improves especially the startup response
time.

In the test control system, the welding current (the rectified
secondary winding current) is controlled by switching the
primary winding alternately to the positive and negative dc-
link voltage. A PI or PID controller is used to form a current
reference from the welding current to the primary current.
A filter is needed to filter out the ripple on the switching
frequency. A block diagram of the control system is presented
in Fig. 5.

In order to the current startup response time to be as low
as possible, a very big P part is needed in the contoller. A
sample time of62.5 ns was chosen for the primary current.
Due to hardware constraints the shortest sample time for the
welding current was5 µs, which leads to a sample frequency
of 200 kHz. The control system is implemented on a Xilinx
FPGA.

An emulator for the power electronics and the welding
process is constructed to allow real time testing of the control
system in ways that could break the actual hardware. The
interface between the emulator and the FPGA control board
is identical to the actual hardware. Fig. 6 presents a block
diagram of the emulator. The inputs to the emulator are
the outputs of the inverter switch commands. These signals
are used directly to form signals which behave like the real
machine. In the first block, the signal is input to an integrator,
which is clamped to zero after every switch command. The
output of the integrator (Signal c) is amplified and an offsetis
added by summing signals b and c. The result is the emulated
primary current. The emulated secondary current is formed
from this using an integrator with an amplifier. These signals
are fed to the A/D converters of the real control system. The
derivatives and gains of all the stages of the emulator can be
set to correspond the real hardware.

The emulator also allows the internal signals of the FPGA
to be monitored by routing the signal to be monitored to spare

pins of the control board. A logic analyzer can be connected
to these pins allowing the values to be stored for analysis. In
the real hardware the ground of the control board is connected
to the negative DC link voltage and due to lack of optically
isolated debugging pins, it is not possible to monitor the
internal signal of the FPGA. Therefore the filtered secondary
current is only shown in the measurements with the emulator.

B. Simulation

The test system was first simulated using Matlab and
Simulink with SimPowerSystem Toolbox. The control system
and filtering were tested and tuned by simulation. The refer-
ence of the welding current is stepped from 0 to50 A. Fig.
7 shows a simulation result with a linear filter and a large
progressive part in the PI controller. The welding current is
filtered with a moving average filter.

It is easily seen that the switching frequency causes a
problem with the PI controller. When the progressive part
of the PI controller is big the switching frequency gives an
impulse to the control and it easily starts to fluctuate in
steady state. This is a severe problem in the system because a
big progressive part amplification is needed to keep the step
response fast.

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
0

50

100

150

200

250

t [ms]

i [
A

]

Fig. 7. Simulated step response of the welding current.

C. Measurements with the emulator

With the emulator the parameters of the controller are tuned
so that the controller can then be moved to control the real
hardware. At first, an 8 tap MA filter is used to filter the
welding current. The step response is shown in Fig. 8. It is
seen that a short linear filter allows to have a reasonable step
response time but with a large overshoot.

The results with the proposed adaptive filter are shown
in Figs. 9 and 10. Fig. 9 presents the measured welding
current and Fig. 10 the welding current seen by the control.
Analog filtering before the A/D conversion smooths the step
somewhat. Nevertheless, it is seen that the step response of
the welding current is fast with no overshoot at all.
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Fig. 5. The structure of a switch-mode welding machine [9] with the control system used in this paper.
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(a) Raw signal from the A/D converter
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(b) Filtered with the proposed filter

Fig. 10. The welding current seen by the control in the step response test of Fig. 9

D. Measurements with the real hardware

After tuning the control with the emulator the control board
was set to control the real switching mode welding machine. A
resistor bank was used as an artificial load. The resistance can
be switched from infinity to almost zero. This is a common
device used in developing welding machines. The behaviour
of the arc is not known well enough so that real welding
process could be used in measurements. The noise compared
to a real welding process does not differ since the dominant
noise source is the switching of the power switches.

The step response test can be made in two ways, either
changing the load from open circuit to a finite load or changing
the current reference from zero to a finite value. Due to
mechanical switches, changing the load cannot be made in
an infinitely short time and therefore changing the current
reference was used.

The step response of the welding current using the proposed
adaptive filter for filtering the welding current is presented in
Fig. 11.

A similarity between the results with the emulator and real
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Fig. 8. Emulated step response of the welding current. The welding current
is filtered using a linear filter.
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Fig. 9. Emulated step response of the welding current. The welding current
is filtered using the proposed filter.

machine can be seen. The behaviour of the system is excellent.
Overshoot is under 7 % and the current reference of150 A is
obtained under200 µs.

For comparison, the step response of the original partly ana-
log control system is presented in Fig. 12. The improvement
is clear: the overshoot is almost completely eliminated.

E. Conclusion

The laboratory measurements show that using the proposed
filter to filter the controlled current it is possible to improve
the step response of a very demanding application, welding.
Using the proposed filter allows to use a very big P part in the
PI controller, which was not possible when using a linear filter.
The welding current step time is only limited by the inductance
of the load, not the dynamics of the control system.
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Fig. 11. Measured step response of the welding current usingthe proposed
adaptive filter for filtering the welding current.
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Fig. 12. Measured step response of the welding current usingthe original
control.

V. CONCLUSION

This paper presented an open-loop adaptive IIR filter for
applications requiring a filter with fast step response. The
proposed filter is especially beneficial if the signal contains
low frequency narrow band noise for which a moving average
FIR filter would be very long. The proposed filter consists of
a first order IIR filter with adaptive coefficients.

The coefficients of the filter are adapted according to the
changes in the input signal. The changes are detected using a
highpass filter the output of which is fed into the adaptation
algorithm. The adaptation algorithm is constructed from the
idea that in step changes of the input signal the filter should
act like the identity filter. On the other hand, when the input
signal is constant the filter should filter the added noise.

The performance of the filter is shown with step response
simulations and with a laboratory prototype of a welding
machine. The simulations show that with a low frequency
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narrow band noise, the step response performance is better
than that of the MA filter and the step response optimized filter.
The labroratory measurements show that the filter enables a
fast welding current response, which is important in the quality
of the welding process.

Future work concering welding will include testing the short
circuit behaviour and real welding with the proposed adaptive
filter.
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Frequency converter control in single FPGA circuit 
 
 

O. Laakkonen, K. Rauma, A. Penttinen, T. Härkönen, J. Luukko, O. Pyrhönen 
 
 

Abstract – Modern frequency converters use ASIC (Application Specific Integrated Circuit) 
circuits to handle fastest operations and microprocessors or DSPs (Digital Signal Processor) for 
slower operations. By using FPGA (Field Programmable Gate Array) circuits it is possible to 
implement a powerful microcontroller inside the FPGA circuit and replace the combination of 
ASIC and microprocessor with a single chip solution. The FPGA implementation allows more 
flexible modification of the used algorithms and control methods. Single chip implementation of 
the control algorithms needs efficient and modular architecture to be used in industrial 
applications. A novel control electronics architecture for frequency converters is presented in this 
paper. The architecture consists of a single FPGA circuit which consists of a software processor, 
IP-blocks (Intellectual Property) and an internal bus connecting the IP-blocks. A modern small 
DC-link capacitor frequency converter is used as a test case. The whole control structure and 
measurements with a prototype are presented. 
 
Keywords: Field programmable gate array, RTOS, Frequency converter, single chip, control 
system, bus architecture. 
 
 

I. Introduction 
Traditionally, large DC-link capacitors have been 

used in voltage source inverters, but a new trend is to 
replace the large DC-link energy storage, electrolytic 
capacitor, with a small metallized polypropylene film 
(MPPF) bypass capacitor. By changing the DC-link 
capacitance, the dynamic behavior of the DC-link 
voltage in the frequency converter changes 
dramatically. Required hardware changes in a power 
electronic hardware configuration are quite small. 
However it has significant impact on the frequency 
converter dynamics and motor control algorithms [1]. 
Control algorithms require high sample frequency (DC-
link voltage measurement and PWM resolution) thus 
parallel calculation based solutions are the most 
efficient ones [2]. The new control favors the use of an 
FPGA. 

The control electronics of the frequency converters 
typically consists of a combination of faster and slower 
control hardware [3]. Usually the fastest control 
algorithms such as modulation and protections are 
implemented in ASICs. These circuits cannot be 
reprogrammed, only the change of the parameters is 
possible. Slower algorithms are implemented in 
microprocessor or DSP, which are not as fast as e.g. 
ASIC circuits, but which can be reprogrammed and the 
control software can be modified during frequency 
converter’s life cycle.  

FPGA circuits are similar to ASIC circuits in many 
ways but they have one important difference, re-
programmability. The FPGA circuit consists of logic 
gates which can be programmed, and reprogrammed in 
case of SRAM or FLASH based FPGAs, to realize logic 

or arithmetic functions [4]. Because FPGA circuits 
consist of truly parallel logic, they can perform several 
operations concurrently like ASIC circuits. By using 
this parallelism, it is possible to implement also a 
microprocessor inside the FPGA circuit along with 
other algorithms implemented in it. 

FPGA circuits have been used to realize parts of 
motor control systems [5], [6]. A combination of an 
FPGA and microprocessor/DSP is used in many 
applications [7] - [15]. In this paper a novel single chip 
realization of a frequency converter controller is 
presented.  As an example, the scalar control of 
induction machine is implemented. 

The presented single chip structure includes 
algorithms implemented in Xilinx’s MicroBlaze soft IP-
processor as well as algorithms implemented with pure 
logic. This architecture allows the use of reusable IP-
cores in the electric drive system, thus reducing the 
time-to-market of the system. Also the 
software/hardware division can be modified according 
to the available resources and algorithm execution 
requirements [16].  

Design methodology has become a very important 
topic when the amount of the needed software and the 
complexity of the system have increased rapidly [16], 
[17]. These large control systems are hard to develop 
and maintain without an efficient architecture inside the 
circuit [18]. The architecture should be flexible and it 
should also support modular design so that changes in 
one module should not have any influence to the other 
modules [19]. The idea of modular design and software 
component libraries has been presented in papers [16], 
[17]. However, those papers do not include any defined 
reusable structure, which could be utilized in the FPGA 
based control system development. A new structure, 
called OKITO-architecture, used as a basis of the 
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implementation of this paper, has been earlier presented 
by the authors in [20]. Software structure of the 
implemented processor has been earlier presented by 
the authors in [21].  

This paper is organized as follows. First section 
presents the new control architecture. Second section 
considers the division of the algorithms between 
software and hardware. Third section deals with the 
speed of the arithmetic operations in the MicroBlaze 
processor. Fourth section presents the microprocessor 
software architecture. Fifth section shows the laboratory 
measurements and the last section concludes this paper. 

II. New control architecture 
OKITO-architecture is designed for power electronic 

control system purposes. The idea of using a fixed 
architecture is to shorten the product design time, to 
improve the maintainability and to make the software 
modular. Therefore the architecture is not optimized for 
high data throughput. Also the use of C-language is 
taken into account by utilizing software processors. 

 
The architecture consists of: 
• Bus (1) 
• Control block (2) 
• Control processes and processor connection to 

control block (3) 
• Interface template to bus (4) 
• Connection interface for third party IP-block 

connections (5) 
• Test module (6) 
• Interface between OPB (On-chip Peripheral 

Bus) and OKITO-bus (7) 
• Software processor, C-language user module (8) 
• User module (9) 
Numbers point to the structures illustrated in Fig. 1. 
 
OKITO-architecture has been made configurable 

thus it is flexible and it can be used for different control 
systems. Bus width (address and data), the number of 
modules, the number of control processes, the number 
of registers in each module and the module addresses 
are given as parameters for the architecture. Using these 
parameters the correct structure of the control software 
is automatically generated in the synthesis state. The 
OKITO-architecture consists of templates, which can be 
used to implement the user modules as well as the 
control state machines, called control processes. State 
machines are used to describe the functionality of the 
user modules e.g. data transmissions between modules. 
Both, the user modules and the control processes can be 
implemented in C-language using software (SW) or 
hardware (HW) processors. 

 

SW-PROCESSOR
C-coded control
process III
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C-coded user module
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CONTROL
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*
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Fig. 1. OKITO-architecture. Architecture consists of control block, 
bus structure, user modules and glue logic blocks between user 

modules and bus [20]. 
 

Each user module is an independent block, which 
handles its own tasks. User modules have no self-
generated interaction with other user modules. Control 
processes handle the data transfers between user 
modules thus making the connections between modules 
and generating the system activities. This way e.g. the 
same A/D-conversion module can be directly used in 
different projects, only the control process has to be 
changed.  

Data transfers and setting of the parameters for each 
module is done through registers. All the modules have 
the same configurable number of basic registers e.g. 
status and control registers. Additionally, each module 
can also have a configurable number of special 
registers. 

The template for the user module consists of an 
interface to the bus. Bus width and the number of 
registers are based on the OKITO-architecture package 
and defined by system developer. Template also 
includes the control of the bus including timing control 
for read and write sequences. This way the bus protocol 
is invisible to the user and there is no need to write any 
bus dependent VHDL (Very high-speed integrated 
circuit Hardware Description Language) code. 

Bus throughput depends on the selected bus clock 
frequency and the data width. With 24 MHz clock and 
16-bit data bus, the theoretical data throughput is 88 
Mbits/s. This includes two bus actions, reading data 
from a register and writing it to another register. If there 
are a lot of data transfers between two user modules 
there is a possibility to use direct connections between 
modules. This way the bus is not loaded too much and 
the fast data transfers can be still made [22]. 

The needed resources for the OKITO-architecture 
depend on the amount of implemented registers and 
modules. The needed recourses can be estimated using  

1502415.713 +++= prm NNNR ,     (1) 

where R  is the needed recourses in slices (logic 
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element in Xilinx’s FPGA circuits) for the OKITO-
architecture,  is the number of modules,  is 

total the number of registers and  is the number of 

processor connections. Equation (1) is derived from 
several designs and synthesis settings. Still it is only an 
approximation because the synthesis settings affect to 
the final implementation. Authors have also some 
results published in [20], [21] where different designs 
and comparison of resource usages are shown. 

mN rN

pN

III. Division of the algorithms between 
software and hardware 

In this paper, the motor control algorithms are 
implemented in two different environments (Fig. 2). 
The fastest algorithms are implemented with the pure 
logic in the FPGA circuit and the slower algorithms are 
implemented in the soft processor that is implemented 
in the FPGA.  
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- 100µs task handles the reading of the measurements and calculation of the voltage reference. 

#

 
Fig. 2. Single chip system structure. Division of the control 

algorithms inside the software processor is shown in the text box 
below picture. 

III.1. The basic division 

The motor control is typically divided into tasks 
which have different sample time requirements. The 
traditional division between hardware and software is to 
implement the algorithms requiring higher sample rate 
with hardware and algorithms requiring lower sample 
rate with software. When using a single FPGA it is 
possible to implement some tasks with the pure logic 
(“hardware”) of the FPGA and some tasks in the 
processor (“software”). With the single chip solution 
the division is not fixed and selection of the 
implementations between processor and logic can be 
changed. 

Modulator, measurement control and protections are 
implemented in the FPGA because of the high sample 
rate they require. For example the modulator uses 100 
ns resolution, which is hard to achieve using a 
processor. The state machine (including the integration 
of flux linkage) controlling the IGBT commands 
combined with integrator needs dozens of operations. If 
one operation is assumed to use one clock cycle it 
means that for each integration cycle dozens of clock 
cycles is needed. In real world, operations can use two 
or more clock cycles. For example using 1 GHz DSP 
(one clock cycle is 1ns) it means that for each 100 ns 
cycle, tens of clock cycles is needed just for state 
machine module of the modulator and there is not much 
of a free time for the task switching and the operations 
needed for the other modules. When measurement 
control is implemented in FPGA it is possible to include 
e.g. digital filtering for measurement signals before 
transferring data to the microprocessor. 

The tasks implemented in software use a real time 
operating system µC/OS-II [10] as a basis. The main 
control software is divided into periodic tasks, which 
periods are 100 µs, 1 ms and 100 ms. There are also two 
non-periodic tasks, a state machine and a user interface. 
With the operating system’s statistics and idle tasks 
there are a total of 7 tasks. 100 µs periodic task 
calculates the voltage reference to the modulator, 1 ms 
task includes limiting of the stator current and the DC-
link voltage. Optionally this task can include also 
calculation of the flux linkage reference (for field 
weakening), estimation of the torque and the speed 
controller. 100 ms task handles the limitation of the 
change of the speed reference. 

The software part of the controller is implemented 
using fixed point arithmetic. All the quantities are 
scaled so that quantities related to the motor are scaled 
to per unit values of the motor. In the hardware part, 
fixed point arithmetic is also used, but the values are 
scaled to the nominal values of the inverter hardware. 
The conversion between the different base values is 
done in the hardware part of the FPGA thus not 
requiring clock cycles of the processor. 

III.2.  Changing the software/hardware division 

The execution times of various parts of the control 
were examined and it was discovered that a substantial 
part of the execution time was spend in 

• 100 µs task: trigonometric functions sin and 
cos (both take about 100 clock cycles, in total 
2 µs at 100 MHz clock frequency) 

• 1 ms task: square root and arcus tangent 
(about 100 and 150 clock cycles, in total 2.5 
µs at 100 MHz clock frequency) 

Sine and cosine are used to transform the voltage 
reference from polar representation to rectangular form. 
The hardware/software interface could be changed so 
that the transform is made in the hardware, i.e. instead 
of providing the rectangular components of the voltage 
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reference, the absolute value and the angle of the 
voltage reference could be provided. One further step 
can be made from this division: the integration of the 
voltage reference’s angle could be moved from software 
to hardware. This move wouldn’t reduce the load of the 
software much, but would change the interface to a 
more natural one (voltage reference’s magnitude and 
frequency). Fig. 3 shows these three possible 
hardware/software divisions in a block diagram form. 

Square root and arcus tangent are needed in the 
calculation of the magnitude of the stator current for 
limiting the stator current and estimating the torque.  
The angle of the current is also needed in the torque 
estimation. In a typical solution two or three phase 
currents are measured and these are transformed to an 
equivalent two phase rectangular representation. Since 
the square root and arcus tangent require so much time, 
these operations could be made in hardware. Thus 
instead of providing the software only with the 
rectangular components of the stator current, also the 
magnitude and angle are provided. In vector control the 
same principle could be used with the estimation of the 
stator flux linkage. The two hardware/software 
divisions of measurement algorithms are presented in 
Fig.  4.  

The needed mathematical functions were 
implemented in the logic part of the FPGA. Table I 
shows the used processor and the FPGA resources and 
speeds for common functions used in motor control 
algorithms. In the FPGA circuit some of the functions 
can be implemented in the memory blocks (BRAM) or 
with the logic (slice). Used trigonometric and square 
root functions are provided by development tools in 
form of soft-IP blocks. Each block has its maximum 
operating frequency, which is shown in the last column 
in Table I. The FPGA implementation of the algorithms 
produces a result every clock cycle while the 
MicroBlaze implementation uses several clock cycles. 
The MicroBlaze implementation of the algorithms uses 
polynomial fitting for the trigonometric functions and 
binary search for the square root. For clarity, one 
million gate XC2V1000 FPGA circuit includes 5120 
slices and 40 BRAMs. 

 
TABLE I. COMPARISON OF THE RESOURCES, USED IN THE MICROBLAZE 

AND THE FPGA, OF THE TYPICAL FUNCTIONS USED IN MOTOR 
CONTROL ALGORITHMS. 

Function MicroBlaze 
clock cycles 

FPGA logic 
resources [slice] or 

[BRAM] 

FPGA max. 
speed 
[MHz] 

Cos 95 133/1 60 

Sin 89 133/1 60 
Sqrt 98 340/- 162 
Atan 155 639/- 147 
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Fig. 3. Three possibilities to implement motor control algorithms in 

the FPGA circuit consisting of a soft processor. 
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Fig.  4. Two possibilities to implement measurement algorithms in 

the FPGA circuit consisting of soft a processor. 

IV. Software architecture 
Real-time systems are usually embedded systems 

which can also be categorized in two classes: soft and 
hard [10]. In a soft real-time system, tasks are 
performed as fast as possible, but they don’t have to be 
completed in particular time every time. In hard real-
time system, tasks have to be completed on time and 
correctly every time. Most real-time systems, like 
frequency converters, are a combination of both hard 
and soft real-time tasks. 

With a real-time operating system processor’s 
resources can be shared with many tasks and such 
shared resources can also be protected by using services 
(e.g. semaphores) provided by RTOS. Each task has an 
assigned priority and operating system executes tasks 
using these priorities. Because the operating system 
services consume processing time, it is not the best 
solution for all systems. That is why small systems are 
usually done with simple foreground/background or 
Round-Robin schedulers [10]. In 
foreground/background scheduler, tasks are executed in 
an infinite loop that calls tasks to perform the desired 
operations and critical operations are handled by the 
interrupt service routines (ISR). In this kind of system, 



International Review of Electrical Engineering (I.R.E.E.), Vol. 0, n. 0 
 

ISRs are served quite fast but task level response 
depends on the total execution time of all tasks. Because 
the execution time of tasks varies and code changes 
affect the timing of the loop, the system becomes 
nondeterministic.  

A frequency converter system needs precise periodic 
tasks, deterministic events, serve user control interface, 
share resources and signal the tasks. Also in 
combination of FPGA logic and microprocessor system, 
all operations have to be synchronous so it is 
advantageous to use a real-time operating system which 
offers all required services. 

V. Measurements 
This section presents the resource usage of the 

control algorithms and also measurements of the 
prototype. 

V.1.  MicroBlaze 

MicroBlaze processor and peripherals consume about 
38 % of Virtex-II XC2V1000 resources (Table II). The 
processor can run at maximum 100 MHz clock speed.  
Despite the high clock speed, processor's optimal 
performance can be achieved using the FPGA's internal 
BRAM memory blocks for data and instructions 
memories. Internal memory blocks enable to perform 
memory read and write operations in two clock cycles 
[23].  
 

TABLE II. RESOURCE USAGE OF THE MICROBLAZE PROCESSOR 
SYSTEM. 

Module Resource 
usage 

% of 
XC2V1000 
resources 

MicroBlaze 1198 23 
Timers 528 10 
OPB 121 2 

Interrupt controller 100 2 
RS-232 51 1 

Miscellaneous 8 0 
 

Table III shows execution times of the three 
controlling tasks. Task_100ms handles the ramping of 
the frequency reference. Task_1ms handles the current 
and voltage limiting. Task_100µs handles the reading of 
the measurements and calculation of the voltage 
reference. The slowest task runs every 100 ms. The 
second fastest task runs every 1ms and the fastest task 
runs every 100 µs. Table III also includes task 
execution times when MicroBlaze runs at 100 MHz 
clock speed.    
 

TABLE III. EXECUTION TIMES OF THE THREE CONTROL TASKS. TASKS 
RUN ON TOP OF µC/OS-II REAL-TIME OPERATING SYSTEM IN 

MICROBLAZE PROCESSOR. 

Task Clock 
cycles 

Execution time 
[µs] 

(@100MHz) 
Operations 

Task_100ms 233 2.33 
Ramping of the 

frequency 
reference 

Task_1ms 734 7.34 Current and 
voltage limiting 

Task_100µs 429 4.29 

Reading of 
measurements, 
calculation of 

voltage reference 
 

Overall processor usage is measured using the 
internal statistic task service of µC/OS-II. Statistic task 
estimates the processor usage using idle counter and its 
maximum value. The resolution of the processor usage 
is 1 per cent [10]. The whole system consists of seven 
tasks: three controlling tasks, state machine task, 
interface task, statistic task and idle task. When the 
system is running and voltage reference is calculated, 
processor usage is 15 per cent. When the system is 
stopped the processor usage is 5 per cent. 

V.2.  VHDL modules 

There are four separate VHDL modules in this 
prototype (Table IV). Modulator is the most complex 
and it uses 916 slices which is about 18 per cent of the 
total amount of the logic in XC2V1000 FPGA circuit. 
Measurement uses 692 slices (14 %) and OKITO bus 
612 slices (12 %).  
 

TABLE IV. RESOURCE USAGE OF THE VHDL MODULES. 

VHDL module Resource 
usage 

% of 
XC2V1000 
resources 

Modulator 916 18 
Measurements 692 14 
Internal Bus 612 12 

Miscellaneous 321 6 

V.3.  Motor currents 

Fig. 5 shows the difference in motor voltage 
(simulation) when the DSVPWM and the SVPWM are 
used. When DC-link voltage fluctuates heavily, 
SVPWM generates voltage error but DSVPWM 
compensates the fluctuation and voltage error doesn’t 
exist. 
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Fig. 5. Simulation result of the realized motor voltage using 

SVPWM and DSVPWM. Voltage error exists when DC-link voltage 
fluctuates heavily and SVPWM is used [1]. 

 
Laboratory measurements were done using a 

prototype frequency converter (three phase, 400V, 
31A). Measurement setup is shown in Fig. 6. A picture 
of the prototype is shown in Fig. 7. Used motor was 4 
kW AC-motor. Load was 5.5 kW AC-motor fed by a 4-
quadrant inverter. Load was 34 % of the nominal torque 
of the motor. Switching frequency was 10 kHz. 

Fig. 8 shows motor currents at the startup situation 
when speed reference is 10 Hz. Fig. 9 shows measured 
supply grid currents with two frequency converters. 
One is a standard commercial frequency converter with 
large DC-link capacitor and other is a frequency 
converter with small DC-link capacitor. The supply grid 
current waveforms differ significantly and FFT-plot 
shows that frequency converter with small DC-link 
capacitor generates smaller harmonic components at 
250 Hz and 350 Hz. 

Personal Computer
(User interface)

Single FPGA-based
Frequency converter

ω reference
DC-voltage
Motor currents
IGBT temperature
...

3-phase 4.4kW
AC-motor

LOAD
3-phase 5 kW

AC-motor

Commercial 4Q
Frequency converter

dSPACE
(external

measurements)  
Fig. 6. Block chart of the laboratory measurement setup. 

 

 
Fig. 7. Prototype frequency converter with single chip controller. 

 

 
Fig. 8. Measured motor currents at the startup situation when speed 

reference is 10 Hz. 

 
Fig. 9. Measured supply grid currents for a standard commercial 

high-capacitance frequency converter (LAC= 3.4 mH, C= 165 µF) and 
for a frequency converter with small DC-link capacitor (LAC= 0.4 
mH, C= 2 µF). Frequency converter with small DC-link capacitor 

generates smaller 5th and 7th harmonic components at the 250 Hz and 
350 Hz that can be seen on the FFT-plot [1]. 
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VI. Conclusion 
This paper presented a single chip solution of a 

frequency converter control. Novel solution was based 
on an FPGA-circuit and efficient design methods were 
taken into account in the design. The solution uses a 
new OKITO-architecture, which allows the use of 
library components and modular design. This is critical 
in practical designs. The control algorithms were 
implemented in a software processor using C-language 
and in logic using VHDL. Different solutions between 
software and hardware division were discussed.  The 
needs of the new small DC-link capacitor technology in 
frequency converter were discussed and the benefits of 
the FPGA based system were shown. The performance 
and practical solution were shown with a real frequency 
converter prototype. Laboratory tests showed that the 
total system is working. 
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any influence on the other modules [3]. In the paper [6] such
Abstract- Development of FPGAs (Field Programmable Gate a methodology (OKITO) for the control ofpower electronics
Array) allows those to be used as modern control platforms for is presented. Authors have published applications using the
power electronics. The increase of the computational power OKITO Network-on-Chip (OKITO) earlier in [9] and [10].
makes it possible to implement a whole control system inside
one chip. Massive parallel computing resources can be utilized A switch-mode weldng machine iS a very good target to
in digital control of power electronics. In this paper a utilize the calculation power ofthe FPGAs. There are three
switch-mode welding machine control is presented. A control requirements for welding power sources [11]:
consisting of both analog and digital parts is replaced with a
new digital control implemented in a Spartan-3 FPGA device. (i) To produce suitable output current and voltage
As a result step response behaviour is presented with both * -
controls and with fully digital control overshoot is removed
almost completely.

(ii)To allow the output to be regulated to be suitable for
I. INTRODUCTION specific applications.

Traditionally embedded control in power electronic (iii) To control the output level and sequence to be suitablesystems is implemented with a processor and an ASIC
(Application Specific integrated Circuit) [1]. The capabilities
of these processor based architectures have been dictated by
the sequential execution of the software and functional Whn te fasled (cherstics
changes to these systems require typically changes in the cannotb ane hard warelup.date the firs to
software but also in the hardware. The use of parallel rqieet r adt ufl.Wt h epore-configurable architectures all the parameters in the controlhardware will change the way we program future system can be adjusted to the needs of the process. A welding
platforms. Advancements in the FPGA technology in past 10

p

years (situation in 2003) have reduced the price with 2 orders poesi yial hrceie yawd odrnefoofarsmaitude,onincreasd thae logicedthcapaici with 2 orders no load to short circuit as well as fast load current changes
*magnitudea increased the pormance witho order of [7]. The fastest process times are in the range of 100 ns [8].magnitude. Theseadvtae with theprgamblt will With a microprocessor running 12 MHz clock a 0.3 ms

timescale can be achieved [11]. In this study a 65 ns timescalemake FPGAs the core of most systems in near future [2], is achieved with a fully digital control in an FPGA.

l L c DIn this paper the analog current control of a commercial
switch-mode welding machine is replaced with a fully digitalpower electronics for a long time. Until now they have been and scalable control implemented in an FPGA circuit. Step

used to replace discrete logic and to execute fast logic responses from 0 A to the 150 A welding current are
functions, which cannot be carried out with processor presented with both designs. The goal for the fully digital
running other control algorithms. Some applications in the control is set to reach same load current behaviour as with the
field of power electronics controlled by an FPGA or with a oniinal control. Digital filters control architecture, and the
Digital Signal Processor (DSP) and an FPGA can be found g g. 'i
from e.g. [ 17, 18]. In [ 19] some limitations and the possible Dresented.pitfalls are discussed when comparing the DSP and FPGA peetd

solutions. ~~~~~~~~~~~Thispaper iS structured as follows. Section two presents
the switch-mode welding machine and the traditional controlDesin mthodlog hasbecme ver imortat tpic method. In section three the architecture (OKITO) and the

when the amunt of needd softwarehas grown rpidly [3,4. control implemented in the Spartan-3 device are shown. Used
These large control systems are hard to develop and maintain

witoutan ffiien arhitctue isid th chp []. he prototype welding machine and step response measurement
are presented in section four. Finally section five concludesarchitecture should be flexible and it should also support teppr

modular design so that changes in one module do not have PP



Diode bridge Inverter bridge Transformer Diode rectifier
Fig. 1. The structure of a switch-mode welding machine [12].

In the test control system implemented on an FPGA, the
II. SWITCH-MODE WELDING MACHINE welding current (the rectified secondary winding current) is

In electrical arc welding, the melting energy is provided by controlled by switching the primary winding alternately to
establishing an arc between two electrodes, one of which is the positive and negative dc-link voltage. A PI or a PID
the metallic workpiece being welded and the other is the controller is used to form a current reference from the
electrode core wire. The voltage and current characteristics welding current to the primary current. A block diagram of
of the welding machine depend on the type of the welding the test control system is shown in Fig. 3.
process employed. Typical rated voltage and current are 50 V

Switch Transformerand 500 A DC. The structure of a switch-mode welding P Secondary
machine as presented in [12] is shown in Fig. 1. The actual current curre
arrangement of the diode and inverter bridges and the diode - 7
rectifier varies. In the modified commercial welding machine A

used in this test, the diode bridge is a three-phase six pulse >= A/D A/D
rectifier, the inverter bridge is an H-bridge and the output Referen- P.
diode rectifier is a full-wave single-phase diode bridge. More Comparator
detail of the prototype is presented in Section IV.
A welding process is typically characterized by a wide

load range from no load to short circuit as well as fast load Fig. 3. A block diagram of the digital control system.
current changes [7]. The fastest process times are in the range
of 100 ns [8]. Fast step response (startup response) times An emultrute powereletrni an the welding
decrease e.g. the amount of spatter [13]. process is constructed to allow real time testing ofthe control

In Fig. 2 a typical control system is shown. Current system in ways that could break the actual hardware. The
enFi gin bthca ponroesysotr as D/-ownverter emulator board was used to set up the controller parameters

Ar PWM-moduleis ustedtrocform trghe caD ond other and check out the parameter values for scaling and adaptiveA PWM-module iS used to form the commands to the
H-bridge. Parameters for the PWM Integrated Circuit (IC) filtering. More detailed description ofthe emulator is given in

are set with discrete passive components. More detailed [14].
explanation ofthe use ofthe PWM ICs can be examined from
[12]. III. VHDL IMPLEMENTATION OF THE CONTROL

The digital control in FPGAs needs a powerful and
Switch Transformer application suitable network-on-chip. Such a requirement is

current Scurrery valid also in other kind of applications e.g. multimedia,
supercomputing and parallel computing [15]. The suitable
network is dependent on the application domain [15]. The

t .l ~~~~~~~control of the power electronics differs from the applications
= PW n.....eeding a very high capabilityv networks. The network isR<eference needed to supply a communication between Intellectual

Comparator Property blocks (IP) in the slower time-domain. The first
version of the OKITO [6] was improved and then used in this

Fig. 2. Analog current control of the welding machine using commercial case. Improvements are done in the recourse usage and in the
PWM IC. performance characteristics. In this test the network is
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Fig. 5. Implementation of the control algorithms on the FPGA circuit.

at 100 MHz with a 20-bit data width. Fig. 4 presents the filtered with eight samples long moving average filter. The
modules needed in the control of the welding machine. All PID-controller calculates a new comparison level for the
modules are connected to the OKITO. primary current in every 10 pts.

The derivation of the equations of the filters is published
Top level by the authors in [14]. In the control a reference for the

Conol se Conit stateI welding current is read from the processor. The current
machine 1 machino II

reference is compared to the actual value of the secondary
current and a PID-controller is used to form a comparison
level for the primary current. The comparator sets the switch

OKITO-NoC | commands on. The primary side of the transformer is then
I ~i~ Au0 s,.^ .,. ce connected to the positive primary voltage. After the primary

current reaches the set level switch command is set off.
H-bridge's IGBT-switches commands are produced so that

* =ToRpcurrer -... ...ro.sr =__... the final switching frequency is 50 kHz. This control is a type
*i nR t

of sliding mode control and the performance can be analyzed
using sliding mode methods. The analysis will be presented

Fatg AID1 Ro r Sk,w NDlR
conoerr in future papers.

I___ . R 9WinIV. MEASUREMENTS* ......... _ ; ~~~~SoRket Ut
l -Oirec To verify the digital control system, a prototype of the

Fig. 4. The welding control modules in the OKITO. Network consists of four switch-mode welding machine was build from a commercial
device modules and two control state machines. welding machine by replacing the fastest analog parts of the

control with an FPGA card. The old processor interface was
In this case the network consists of four device modules left to import the current reference. The reference for the

and two control state machines. Control State Machine 0 is welding current is controlled with a potentiometer by the
responsible for the data transfers between the Slow A/D user. The FPGA controls the output current to the given
Converter-device module and the Top Current Control- reference by controlling the IGBT switches in the primary
device module. Control State Machine 1 is responsible for the side of the transformer shown in Fig. 1. The goal for the new
data transfers between the Processor Interface-device module system was to get the same load current behavior in steady
and the Top Current Control- device module. The Fast A/D state, no-load and in step response situations as with the
Converter-device module is connected directly to the Top original control. This would prove the effectiveness of the
Current Control- device module because the transfer rate for fully digital control and open new possibilities for the future
the primary current data is high (32 Mbytes/s). control design when the total control is implemented in a

The control structure is presented in Fig. 5. Feedback reprogrammable chip. A picture of the used prototype is
signals for the control are the secondary current, the presented in Fig. 6.
secondary voltage and the primary current. The first two are
sampled in every 5 pis, which leads to a sample frequency of
200 kHz. A sample time of 62.5 ns is chose for the primary
current. The voltage measurement is not filtered and it is used
for the open-circuit handling. The secondary current is
filtered using an adaptive filter and the primary current is



the circuit's resources (Xilinx Slices):
Reference set

Number of Slices: 969 out of 3584 270o
Program memory Number of Slice Flip Flops: 801 out of 7168 llOo

Numberof4inputLUTs: 1564 out of 7168 210o
XC3S400 FPGA chi Number of bonded 1OBs: 84 out of 173 480o

NumberofMULT18X18s: 12 out ofl16 750o
Load connection l l l ll iES_Number of GCLKs: 7 out of 8 87%

A resistor bank was used as an artificial load. The step
Processor Line connection response of the welding current using the adaptive filter and

Fig. 6 Picture of the commercial switch-mode welding machine prototype PID-controller is presented in Fig. 7. The behaviour of the
where the fastest analog parts of the control are replaced with a FPGA card. system is excellent. Overshoot is under 7 % and the current

reference of 150 A is obtained under 200 pis. For a
The prototype welding machine's nominal current and comprin, p of theobrigna ptly a

voltage values are 500 A and 50 V. The used FPGA circuit is contriol,yte s p resentein Fig. 8.
Xilinx's 400 000 gates Spartan III (XC3S400-4ft256).

The implemented control with the OKITO takes 27 00 of

250

...

i 0

S..:

0 J3.5 .~7 41 4. 4.
ty [ftk2s

Fig. 7. Step response of the fully digital control when the reference is set to 150 A.
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Fig. 8. Step response of the original partly analog control when the reference is set to 150 A.
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V. CONCLUSION Control of Electrical Systems, a Review", IEEE Industrial ElectronicsSociety Newsletter, Vol. 49, No. 4, pp. 8-15, Dec. 2002.
This paper presents a digital current control of the [17] Du Toit, J.A., Bester, D.D., Enslin, J.H.R., "A DSP Based Controllers

switch-mode welding machine. Results are compared to the for Back to Back Power Electronic Converters with FPGA
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