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Abstract

Sophisticated power electronic apparatus and their digital control systems are
finding increasing applications in electric power systems at generation, trans-
mission, distribution and utilization levels. It is essential to carry out rigorous
performance evaluation of such apparatus before commissioning. Field Pro-
grammable Gate Arrays (FPGAs) are becoming an attractive platform for
accelerating computationally intensive applications.

This thesis presents a FPGA-based real-time digital simulator for power
electronic drives based on realistic device characteristics. A 3-level 12-pulse
Voltage Source Converter (VSC) fed induction machine drive is implemented
on the FPGA. The system components include the 3-level VSC, the induction
machine, the direct field oriented controller, and the pulse width modulator.
Both system-level and device-level IGBT models are utilized to implement the
VSC. The VSC model is computed at a fixed time-step of 12.5ns allowing an
accurate representation of the IGBT nonlinear switching characteristics.

Altera Startix EP1S80 and EP3SL150F1152C2 FPGA boards utilized for
the real-time simulation. All models were implemented in VHDL. The FPGA
boards were interfaced to external DAC boards to display real-time results on

the oscilloscope. The real-time results were validated using an off-line cosimu-

lation set-up using the SABER and MATLAB/SIMULINK software.
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Introduction

1.1 Power electronic applications

Electricity runs the modern world with more beautiful, colorful and making
our life more convenient and comfortable. It is also known that the power
electronics makes the utilization of electrical energy more efficient, flexible and
reliable as well as less expensive. Therefore, power electronic apparatus and
their digital controls are finding increasing the applications in the modern
power systems at the generation, transmission, distribution and the utilization
levels.

Power electronic devices were broadly categorized into 3 groups: diodes,
thyristors, and transistors. This classification is still valid for modern de-
vices despite the fact that the device design and function increasingly overlap.
Diodes, uncontrollable two terminal devices in nature, are normally used to
rectify power and protect devices throughout all power levels. Diode manufac-
turers commonly use in life-time control techniques to improve diode charac-

teristics and performance for faster, softer and more rugged devices.
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Thyristors and transistors are both 3 terminal devices, controllable when
switching between the forward blocking and forward conduction states. Thyris-
tors are typically used at the highest energy levels in power conditioning cir-
cuits, up to the ratings of 3—4kA and 4.5—6kV in Integrated-Gate Commutated
Thyristor (IGCT) cases. However, the low average switch speed still limits the
applications of thyristors. Low to medium power circuits use transistor as
the main switching elements. Specifically, IGBTs, a combination of bipolar
structures and MOSFETSs, are increasingly used in switching power converter
applications due to their superior characteristics. New generations of IGBT
devices exhibit continually improved electrical characteristics, including lower
on-state voltage drops, higher blocking capability, and faster switching speeds.
This refinement and achievement has made IGBTs popular placements for
MOSFETSs, BJTs and Thyristors. As a result, power electronics in the future
will be largely IGBT-based.

It is essential to carry out the rigorous performance evaluation of the power
electronic equipment and their control systems before installation. In most of
the electronic apparatus, there are several power electronic converters that use
power semiconductor devices as switches that allow the electronic circuits to
deliver the large currents during the on-state and to withstand the large volt-
ages during the off-state of the switching. Also the converters are widely used
in industry due to their inherently bi-directional power conversion capability.
Most converters are based on the bridge legs, and the basic topology is to serve
as a simple switch, giving the different frequency ac as the output.

There are several areas in which power electronics plays a vital role. The

research areas of power electronics include:
e Interfacing with distributed energy resources such as micro turbines, fuel

cells, and solar cells.

e Multilevel converters for utility applications such as static var compen-

sation, voltage sag support, HVDC inter-tie, large variable speed drives.
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e Harmonics, power quality, and power filter design.

Hybrid electric vehicle (HEV) applications such as motor drives or de-dc

converters.

Soft switching inverters and dc-dc converters.

Areas like transportation and utility applications.

There have been new trends in the AC/DC and DC/AC power conver-
sion. The pulse width modulated three-level converters have been the domi-
nant topology in the low power and some selected medium power applications.
There has been on-going research on these power converters and as technology
evolves and matures various new trends and performance of the converter can
be identified. Several important issues play a key role in new trends. Fac-
tors like increasing the power density, improving performance of the converter,
reducing the cost of the converter, and also increasing the VA ratings of the
converter. There are several ways in which these factors can be achieved such
as in case of the increasing the power density; this can be realized by reducing
the switching losses due to the devices by using soft-switching techniques, ef-
ficient power devices, and improving the thermal management. Next issue is
increasing the performance of the system, which is achieved by reducing the
total harmonic distortions, reducing the electromagnetic interference problems,
and by increasing the dynamics of the system.

Recently, multilevel converters have attracted attention in medium and high
power applications so as to reduce the voltage stress of power semiconductors,
voltage harmonics, and electromagnetic interferences. Multilevel power con-
version began with neutral point clamped inverter topology proposed in [1].
Multilevel converters incorporate a topological structure that allows a desired
output voltage to be synthesized from among set of isolated or interconnected

distinct voltage sources. Numerous topologies to realize the connectivity have
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been proposed. The general function of the multilevel converters is to synthe-
size a sinusoidal voltage out of several levels of dc voltages. The multilevel
converter can therefore be described as a voltage synthesizer. The voltage
blocking capability of each device determines the maximum voltage level out-

put. There are several advantages of multilevel inverters such as
e Low manufacturing costs as low rating devices are used;
e Improved waveform quality as levels in the converter are increased;
e Compact modules and no transformer needed;

e Better synthesizing of the output waveforms which reduces the output

filters and the rating of the passive components;

e Many possible connections are available such as single-phase, three-phase,

and multi-phase connections;

e Low switching frequency yields high efficiency.

1.2 Real-time simulation

Nowadays, real time simulators are finding a wide range of applications and
play an important role in the automotive, aerospace, electrical, and mecha-
tronic industries. Prior to the advent of digital computers, the analog simula-
tors based on scaled-down models were relied upon to emulate and predict the
behavior of actual power systems. Due to their cost, complexity, and inherent
inaccuracies, such simulators are now being supplanted by digital simulators
that can use as the real systems. Real-time simulators play a vital role in the
design, evaluation, and development of large industrial AC drives [2,3,5].
The two main components of a modern variable-speed AC drive are the

power stage and the controller stage. The power stage includes a IGBT-based
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Voltage Source Converter (VSC) and the induction machine, while the con-
troller stage includes the digital controller, and a high-frequency PWM gating
pattern generator. Before prototyping, the controller stage is usually subjected
to several cycles of testing and re-design in an expensive facility containing the
power converter, motor-generator sets, sensors, switch-gear, and other test
equipments. A real-time digital simulator that can model the power stage ac-
curately and efficiently, provides an alternate means for testing the controller in
a hardware-in-the-loop (HIL) configuration [4]- [5]. This approach has the ad-
vantage of substantially reducing cost, human resources, power consumption,
and physical space, while providing immunity to damage to the actual equip-
ment due to any malfunction of the controller. However, currently available
real-time simulators still suffer from modeling inaccuracies and limited compu-
tational bandwidth. The modeling of the power converter is a particular chal-
lenge due to the demands its high frequency operation places on the accuracy
and precision of accounting the gating signals coming from the digital con-
troller. This has prompted several correction algorithms [6], both off-line and
real-time, to be proposed using techniques such as interpolation/extrapolation

and variable simulation step-size.

1.3 FPGA technology

The Field Programmable Gate Arrays (FPGAs) is an integrated circuit design
to be configured by the customer or designer after manufacturing, so called
field programmable. The FPGA configuration is generally specified using a
Hardware Description Language (HDL), similar to that used for an application
specific integrated circuit (ASIC). FPGAs can be used to implement any logical
function that an ASIC could perform. The ability to update the functionality
after shipping, and the low non-recurring engineering costs relative to an ASIC
design (not withstanding the generally higher unit cost), offer advantages for

many applications. FPGAs contain programmable logic components called
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logic blocks, and a hierarchy of reconfigurable interconnects that allow the
blocks to be wired together. The logic blocks can be configured to perform
complex combinational functions. In most FPGAs, the logic blocks also include
memory elements, which may be simple flip-flops or more complete blocks of
memory.

To define the behavior of the FPGA, the user provides a HDL or a schematic
design. The HDL form is easier to work with when handling large structures.
By using an electronic design automation tool, a technology-mapped net-list
is generated. The net-list can then be fitted to the actual FPGA architec-
ture using a process called place-and-route. The user will validate the map,
place and route results via timing analysis, simulation, and other verification
methodologies. Once the design and validation process is complete, the binary
file generated is used to (re)configure the FPGA.

Since their introduction in the mid-1980’s FPGAs have roughly doubled
their capacity every year, with the current state-of-the-art devices contain-
ing in excess of 500, 000 logic cells, thus enabling large System-on-Chip (SoC)
implementation. Concurrently, development in the software CAD tools and In-
tellectual Property (IP) cores has also kept pace allowing rapid prototyping of
complex digital designs. Still designing in VHDL ensures portability and plat-
form independence. In the area of power electronics and drives, FPGAs have
hitherto been used mainly for implementing control algorithms [7, 8] and/or
PWM gating pattern generators [9,36], either as stand-alone processors or as

companion processors for DSPs.

1.4 Motivation for this work

The modeling of the power converter is a particular challenge due to the de-
mands its high frequency operation places on the accuracy and precision of
accounting the gating signals coming from the digital controller. Modeling of

IGBT-based VSC remains the main challenge for real-time simulation. Specif-
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ically, the VSC model should accurately reflect the device switching times
(often in the nanosecond range), diode reverse recovery, switching losses, and
tailing current behavior of a realistic converter. Several off-line digital simula-
tion software tools are available, with varying degrees of modeling and simula-
tion capabilities, such as SABER, PSCAD/EMTDC, MATLAB/SIMULINK,
EMTP-RV, PSS/E, SPICE and many others. However, one of their main draw-
backs of off-line simulation is that they often lack the capability of interfacing
with actual hardware, such as a digital controller or a protective relay. On
the other hand, currently available real-time simulators have yet to reach such
level of detail due to modeling and bandwidth limitations. A real-time digital
simulator with adequate computational bandwidth can overcome this obstacle.

This thesis proposes to use the FPGA as the computational engine to sim-
ulate a variable speed AC drive in real-time. The FPGA-based real-time simu-
lator models the complete AC drive including a 3-level 12-pulse VSC, a pulse-
width modulator, the induction machine, and the field oriented controller. The
Stratix and Stratix III FPGAs from ALTERA are used in this implementation.

The power electronic converter model is computed at a fixed time-step,
albeit, at an extremely small step-size (of the order of a few nanoseconds).
The advantages of this approach include: (1) freedom from reliance on com-
plicated correction algorithms, (2) enables high-frequency switching (of the
order of hundreds of KHz), (3) detailed representation of the device switching
characteristics, and (4) ability to interface the model to a large-scale real-time
simulator, such as a PC-cluster [13], modeling a larger and more complex host
power system in which the power electronic converter is embedded; potential

applications also include modeling of multi-pulse FACTS and HVDC systems.

1.5 Thesis overview

The contents of this thesis can be summarized as shown in the Fig. 1.1.

Chapter 2 presents an overview of FPGA technology and issues related to
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Figure 1.1: Dissertation Content.

digital hardware implementation.

Chapter 3 presents the modeling of individual components of a variable

speed AC drive: power electronic converter, machine, pulse-width modulation

and control. Five different IGBT model are presented for modeling the 3-level

voltage source converter.

Chapter 4 presents the implementation of the complete AC drive on two

FPGA platforms. Real-time oscilloscope results are presented to confirm the

accuracy of implementation. Off-line results from MATLAB/SIMULINK and

SABER software are shown to validate the real-time results.

Chapter 5 presents the conclusions and suggestions for extending this work

in the future.



Overview of FPGA technology

2.1 Introduction

In the market, a number of different types of programmable logic devices are
available for use in systems as shown in Fig. 2.1. These include Field Pro-
grammable Gate Arrays (FPGAs) and Application Specific Integrated Circuits
(ASICs). FPGAs offer many advantages over ASICs: small development over-
head, no NRE (non-recurring engineering) cost, quick time to market, no min-
imum quantity order, and reprogrammability. FPGAs are basically arrays of
logic gates that can be configured to perform a set of functions. Modern FP-
GAs have the equivalent of millions of logic gates and may also include other
on-chip resources such as PowerPC.

Since the mid-1980s, FPGAs have become a dominant implementation
medium for digital systems. During this time, FPGAs have grown in com-
plexity as their ability to implement system functions has increased from a few
thousands logic gates to tens of millions of logic gates. The largest FPGAs

currently available exceed a billion transistors. The ability to program, or con-
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Figure 2.1: Implementation Technology.

figure, the FPGA to perform virtually any digital logic function provides an
attractive choice, not only for rapid prototyping of digital systems but also
for low-to-moderate volume or fast time to market systems. The ability of re-
configure FPGAs to perform different digital functions without modifying the
physical system facilitates the implementation of the advanced system appli-

cations such as adaptive computing and fault tolerance.

2.2 Field Programmable Gate Arrays

Field Programmable Gate Arrays (FPGAs) are of interest for use in digital sig-
nal processing systems due to their ability to implement custom hardware so-
lutions while still maintaining flexibility through device reprogramming. Com-
mercially available FPGAs from venders such as Altera and Xilinx, are gen-
erally used devices which were developed for applications containing varying
amount of data path and control logic. FPGAs come in variety of sizes and fea-

tures, which continue to change with advances in integrated circuit fabrication
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technology and system applications. As a result, it is difficult to write a com-
prehensive treatise on FPGAs because the material tends to become obsolete
shortly after publication.

FPGA is similar to a programmable logic device (PLD), but whereas PLDs
are generally limited to hundreds of gates, FPGAs support millions of gates.
They are especially popular for prototyping integrated circuit designs. Once
the design is set, hardwired chips are produced for faster performance. Field

Programmable Gate Arrays (FPGAs) are divided into two major categories:

1. Reprogrammable
- EPROM
- EEPROM
- Flash

- SRAM based FPGAs (volalite)

2. One time programmable
- Fuses (destroy internal links with current)
- Anti-fuse based FPGAs (grow internal links)

- PROM

SRAM FPGAs have logical connections (effectively memory cells) between
the horizontal and vertical routes. SRAM FPGAs that are mostly manufac-
tured by Altera, Lucent and Xilinx can be reconfigured many times, including
in operational use. The configurations are stored in the static SRAM. FP-
GAs are needed to be reprogrammed every time when the chip is powered up.
EPRAM FPGAs are manufactured by Altera and the configurations are stored
in EPROM. The configuration remains even in the EPROM when the power
is switched off. It can be also reprogrammed (via JTAG interface) into the

board.
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Anti-Fuse FPGAs are created by making physical connections between the
horizontal and vertical routes on the FPGA; once created, anti-fuse FPGAs
cannot be re-programmed. They are mostly manufacturing from Actel and
QuickLogic.

Modern FPGAs that include microprocessors are used as the System-on-
Chip (SoC) in computer architecture. They are typically described in a high
level language, such as VHDL, VeriLog, SystemC, etc. Tool support, to turn

the design and verify the layout, is provided by the device manufacturers.

2.2.1 Architecture

FPGAs generally consist of a two-dimensional array of programmable logic
blocks (PLBs) interconnected by a programmable routing network with pro-
grammable input/output (1/O) cells at the periphery of the device, as shown
in Fig. 2.2. Each PLB usually consists of one or more look-up tables (LUTSs)
and flip-flops.

Special Routing
FB)SOLIFCGS

110 cells PLBs

L]
L]
L
L
L]
N5 o =

Figure 2.2: Typical FPGA architecture.
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2.2.2 SRAM based FPGA

There is a wide range of FPGAs provided by many semiconductor vendors

including Xulinz, Altera, Atmel, and Lattice, etc. Each manufacturer provides
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each own unique architecture. A typical FPGA consists of an array of logic
elements and programmable routing resources used to provide the connectivity
between the logic elements (LEs), I/O pins, and other resources such as on-
chip memory. The structure and complexity of the logic elements, as well as
the organization and functionality supported by the interconnection hierarchy;,
is what distinguishes the different devices from each other.

Other features such as block memory and delay-locked-loop (DLL) technol-
ogy are also significant factors that influence the complexity and performance
of an algorithm implemented using FPGAs. A logic element usually consists of
one or more RAM based on input look-up tables (LUTSs) where n is a number
between three and six, and one or more flip-flops. LUT's are used to implement
combinational logic. A typical logic element is shown in Fig. 2.3.

There may also be additional hardware support in each logic element to
A typical SRAM
based FPGA architecture is shown in Fig. 2.4. The bold lines indicate how

enable other high speed arithmetic and logic operations.

connections among two or more logic elements and 1/O ports can be made.

Logic Logic Logic
Element Element Element RN
7
7 AN
/ \
{
== |
/’ \\ l‘ |
Logic Logic [/ Logic \ \ !
| \ /
Element Element \\Element/l \ %
\\_._gl \\‘ —’,
Each logic element is
\ Programmed to implement
Logic Logic Logic the desired function
Element Element Element Programmable
«——+— Connections

Figure 2.3: Configurable Logic Block (CLB) [23].
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2.2.3 Hardwired logic blocks

The another part will explore the use of hardwired logic blocks (HLBs) within
the context of logic clusters. HLBs consist of two or more BLEs connected to-
gether by wires (shown in Fig. 2.5). These wires do not have switches and lack
any form of programmability. The low resistance and capacitance of the metal
wires makes the connections between BLEs fast and cheap in terms of area. In
a non-HLB architecture (shown in Fig. 2.6 and Fig. 2.7) connections between
BLEs must propagate through the local routing crossbar which connects all
BLE outputs and inputs. The area requirements of the full-routing crossbar
can be quite significant sometimes even larger than the BLE area. Also, there
is a significant delay required for signals to reach from a BLE output to an-
other BLE input. The use of HLBs alleviates the area and delay demands of
local BLE connections and may improve FPGA density and performance. We
explore the area and delay of one particular HLB based FPGA architecture,

again in the context of clustered architectures.

2.3 Stratix and Stratix III devices

There are two types of the available boards in RTX-LAB. One is the Stratix
EP1S80B956-6 DSP development board and the another is the Stratix III
EP3SL150F1152C2. The new board is much faster than the previous board.

Both these boards have been used in this thesis.
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Figure 2.7: FPGA Cluster-style Logic Block Contents.

2.3.1 Stratix architecture

Stratix devices contain a two-dimensional row- and column-based architecture
to implement custom logic. A series of column and row interconnects of vary-

ing length and speed provide signal interconnects between logic array blocks
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(LABs), memory block structures, and DSP blocks.

Logic Array Blocks (LABs)

Each LAB consists of 10 LEs, LE carry chains, LAB control signals, local inter-
connect, LUT chain, and register chain connection lines. The local interconnect
transfers signals between LEs in the same LAB. LUT chain connections transfer
the output of one LEs LUT to the adjacent LE for fast sequential LUT con-
nections within the same LAB. Register chain connections transfer the output
of one LEs register to the adjacent LEs register within an LAB. The Quartus
IT Compiler places associated logic within an LAB or adjacent LABs, allowing
the use of local, LUT chain, and register chain connections for performance
and area efficiency. Fig. 2.10 shows the Stratix LAB. The logic array consists
of LABs, with 10 logic elements (LEs) in each LAB. An LE is a small unit
of logic providing efficient implementation of user logic functions. LABs are
grouped into rows and columns across the device.

Mb512 RAM blocks are simple dual-port memory blocks with 512-bits
plus parity (576-bits). These blocks provide dedicated simple dual-port or
single-port memory up to 18-bits wide at up to 318 MHz. Mb512 blocks are
grouped into columns across the device in between certain LABs.

M,K RAM blocks are true dual-port memory blocks with 4K bits plus
parity (4,608 bits). These blocks provide dedicated true dual-port, simple
dual-port, or single-port memory up to 36-bits wide at up to 291 MHz. These
blocks are grouped into columns across the device in between certain LABs.

M-RAM blocks are true dual-port memory blocks with 512K bits plus
parity (589,824 bits). These blocks provide dedicated true dual-port, simple
dual-port, or single-port memory up to 144-bits wide at up to 269 MHz. Several
M-RAM blocks are located individually or in pairs within the devices logic
array.

Digital signal processing (DSP) blocks can implement up to either eight
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full-precision 9x9-bit multipliers, four full-precision 18x18-bit multipliers, or
one full-precision 36x36-bit multiplier with add or subtract features. These
blocks also contain 18-bit input shift registers for digital signal processing ap-
plications, including finite impulse response (FIR) and infinite impulse response
(IIR) filters. DSP blocks are grouped into two columns in each device. Fig 2.8
shows one of the columns with surrounding LAB rows.

Each Stratix device I/O pin is fed by an /0 element (IOE) located at the
end of LAB rows and columns around the periphery of the device. I/O pins
support numerous single-ended and differential 1/O standards. Each IOE con-
tains a bidirectional 1/O buffer and six registers for registering input, output,
and output-enable signals. When used with dedicated clocks, these registers

provide exceptional performance and interface support with external memory

devices such as DDR SDRAM, FCRAM, ZBT, and QDR SRAM devices.

DSP Block
Column
gppEm gEEpEm
gppEm gEEpEm
Tl & CLLLD
8LAB /mmmER o NEEED
Rows |\nmEmEE g IEEED
ELEE] o gEEEm
gppEm gEEpEm
gppEm gEEpEm
gppEm gEEpEm
gppEm gEEpEm
FEEEl § EEEEE
pnEmm o onEmmE
IEEEE g IEEED
LEEE] o gEEpEm
gppEm gEEpEm
gEmmm gEEmEm

Figure 2.8: DSP Blocks Arranged in Columns.
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LAB interconnects

The LAB local interconnect can drive LEs within the same LAB. The LAB
local interconnect is driven by column and row interconnects and LE outputs
within the same LAB. Neighboring LABs, M512 RAM blocks, M4AK RAM
blocks, or DSP blocks from the left and right can also drive an LABs local
interconnect through the direct link connection. The direct link connection
feature minimizes the use of row and column interconnects, providing higher
performance and flexibility. Each LE can drive 30 other LEs through fast
local and direct link interconnects. Fig. 2.9 and Fig. 2.10 show the direct link

connection and logic array blocks.

IOEs Support DDR, PCI,

M512 RAM Blocks DSP Blocks for M4K RAM Blocks for GTL+,SSTL-3,SSTL-2,
for Dual-Port Memory,  Multiplication & Full True Dual-Port Memory HSTL, LVDS, LVPECL,
Shift Registers,, Implementation of FIR and Other Embeded PCML, Hyper Transport
and FIFO Buffers Filters Memory Functions and other I/0 Standards

\!
\ I0Es — |

M-RAM Block

Figure 2.9: Stratix Block Diagram [23].

LAB control signals

Each LAB contains dedicated logic for driving control signals to its LEs.
The control signals include two clocks, two clock enables, two asynchronous
clears, synchronous clear, asynchronous preset/load, synchronous load, and

add/subtract control signals. This gives a maximum of 10 control signals at
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Figure 2.10: Logic Array Blocks.

a time. Although synchronous load and clear signals are generally used when
implementing counters, they can also be used with other functions.

Each LAB can use two clocks and two clock enable signals. Each LABs
clock and clock enable signals are linked. For example, any LEs in a particular
LAB using the labclk1 signal will also use labclkenal. If the LAB uses both the
rising and falling edges of a clock, it also uses both LAB-wide clock signals.
De-asserting the clock enable signal will turn off the LAB-wide clock.

Each LAB can use two asynchronous clear signals and an asynchronous
load /preset signal. The asynchronous load acts as a preset when the asyn-
chronous load data input is tied high.

With the LAB-wide addnsub control signal, a single LE can implement a
one-bit adder and subtractor. This saves LE resources and improves perfor-
mance for logic functions such as DSP correlations and signed multipliers that
alternate between addition and subtraction depending on data.

The LAB row clocks [7..0] and LAB local interconnect generate the LAB-
wide control signals. The MultiTrack interconnects inherent low skew allows

clock and control signal distribution in addition to data. Fig. 2.11 shows the
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LAB control signal generation circuit.
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Figure 2.11: Logic Array Blocks control signals [23].

Logic Elements (LEs)

Fig. 2.12 shows the Stratix logic element (LE). The LE is the smallest unit of
logic in the Stratix architecture. It is compact and provides advanced features
with efficient logic utilization. Each LE contains a four-input LUT, which
is a function generator that can implement any function of four variables.
In addition, each LE contains a programmable register and carry chain with
carry select capability. A single LE also supports dynamic single bit addition
or subtraction mode selectable by an LAB-wide control signal. Each LE drives
all types of interconnects: local, row, column, LUT chain, register chain, and
direct link interconnects. As we can see in Fig. 2.13.

Each LEs programmable register can be configured for D, T, JK, or SR
operation. Each register has data, true asynchronous load data, clock, clock
enable, clear, and asynchronous load/preset inputs. Global signals, general-
purpose 1/0 pins, or any internal logic can drive the registers clock and clear
control signals. Either general-purpose I/O pins or internal logic can drive the
clock enable, preset, asynchronous load, and asynchronous data. The asyn-

chronous load data input comes from the data3 input of the LE. For combi-
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natorial functions, the register is bypassed and the output of the LUT drives
directly to the outputs of the LE.

Each LE has three outputs that drive the local, row, and column routing
resources. The LUT or register output can drive these three outputs inde-
pendently. Two LE outputs drive column or row and direct link routing con-
nections and one drives local interconnect resources. This allows the LUT to
drive one output while the register drives another output. This feature, called
register packing, improves device utilization because the device can use the
register and the LUT for unrelated functions. Another special packing mode
allows the register output to feed back into the LUT of the same LE so that the
register is packed with its own fan-out LUT. This provides another mechanism
for improved fitting. The LE can also drive out registered and unregistered
versions of the LUT output.
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LAB-wide LAB-wide Register Bypass
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Figure 2.12: Stratix Logic Element [23].
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Figure 2.13: Typical logic element (LE) (normal mode) in a SRAM based
FPGA [23].

LUT chain and register chain

In addition to the three general routing outputs, the LEs within an LAB have
LUT chain and register chain outputs. LUT chain connections allow LUTs
within the same LAB to cascade together for wide input functions. Register
chain outputs allow registers within the same LAB to cascade together. The
register chain output allows an LAB to use LUTs for a single combinatorial
function and the registers to be used for an unrelated shift register implemen-
tation. These resources speed up connections between LABs while saving local

interconnect resources.

addnsub signal

The LEs dynamic adder/subtractor feature saves logic resources by using one
set of LEs to implement both an adder and a subtractor. This feature is
controlled by the LAB-wide control signal addnsub. The addnsub signal sets
the LAB to perform either A-B or A+B. The LUT computes addition, and
subtraction is computed by adding the twos complement of the intended sub-
tractor. The LAB-wide signal converts to twos complement by inverting the B
bits within the LAB and setting carry-in = 1 to add one to the least significant
bit (LSB). The LSB of an adder/subtractor must be placed in the first LE of the
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LAB, where the LAB-wide addnsub signal automatically sets the carry-in to 1.
The Quartus II Compiler automatically places and uses the adder/subtractor

feature when using adder/subtractor parameterized functions.

LE operating modes

The Stratix LE can operate in one of the following modes:
1. Normal mode.
2. Dynamic arithmetic mode.

Each mode uses LE resources differently. In each mode, eight available
inputs to the LE the four data inputs from the LAB local interconnect; carry-
in0 and carry-inl from the previous LE; the LAB carry-in from the previous
carry-chain LAB; and the register chain connection are directed to different
destinations to implement the desired logic function. LAB-wide signals pro-
vide clock, asynchronous clear, asynchronous preset load, synchronous clear,
synchronous load, and clock enable control for the register. These LAB-wide
signals are available in all LE modes. The addnsub control signal is allowed in
arithmetic mode.

The Quartus II software, in conjunction with parameterized functions such
as library of parameterized modules (LPM) functions, automatically chooses
the appropriate mode for common functions such as counters, adders, subtrac-
tors, and arithmetic functions. If required, you can also create special-purpose
functions that specify which LE operating mode to use for optimal perfor-
mance.

The normal mode is suitable for general logic applications and combinato-
rial functions. In normal mode, four data inputs from the LAB local intercon-
nect are inputs to a four-input LUT (see Fig. 2.14). The Quartus II Compiler
automatically selects the carry-in or the data3 signal as one of the inputs to

the LUT. Each LE can use LUT chain connections to drive its combinatorial
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output directly to the next LE in the LAB. Asynchronous load data for the
register comes from the data3 input of the LE. LEs in normal mode support
packed registers.

The final step in the design process is automatic place and route (APR) for
an FPGA or ASIC. FPGA vendors generally supply their own APR tools. Re-
configurable devices such as Field Programmable Gate Arrays (FPGAs) can be
considered an intermediate option. FPGAs provide Configurable Logic Blocks
(CLBs) and routing resources that are programmable. Since the design can
be tested and verified at the user site, it benefits from a less expensive design
process than ASICs. FPGAs can provide very high flexibility and they can
produce efficient devices with respect to speed, area, and power consumption
relatively. The need for flexibility in case of modification or damage can be
crucial in some cases; for instance in cosmic equipment or in satellites, cosmic
rays might affect electronic devices, the capability to reprogram the devices

remotely could be of extreme importance.
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Figure 2.14: Stratix DSP Block [23].

QUARTUS II 9.0 development software

The QUARTUS II 9.0 development software contains many of the features
available in the commercial version, including a completely integrated design

flow and intuitive graphical user interface. This software supports schematic
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capture and text-based hardware description language design entry, includ-
ing the Altera Hardware Description Language (AHDL) and VHDL. It also

provides design programming, compilation, and verification support.

ByteBlaster parallel port download cable

Designs can be easily and quickly downloaded into the Stratix EP1S80 DSP
development board using the Byte-Blaster download cable, which is hardware
interface to a standard parallel port. This cable channels programming or
configuration data between the Quantus II software and the EP1S80 Board.
Because design changes are downloaded as the SRAM object file (.sof) directly
to the devices on the board, prototyping is easy and multiple design iterations

can be accomplished in quick succession.

On-board voltage regulator

The on-board voltage regulator, an LM340T, regulates the DC positive input
at 5V. The DC input consists of two holes for connecting a 5-V DC regulated
power source. The hole marked with a plus sign (+) is the positive input; the
hole marked with a minus sign (-) is board common. A green light-emitting
diode (LED) labeled POWER is illuminated when current is flowing from the
5-V DC regulated power source.

JTAG-in header

The 10-pin female plug on the ByteBlaster download cable connects with the
JTAG-in 10-pin male header on the EP1S80 Education Board. The EP1S80
Education Board provides power and ground to the ByteBlaster download
cable. Data is shifted into the devices via the TDI pin and shifted out of the
devices via the TDO pin. Table 2.1 below identifies the JTAG IN pin names
when the Byte-Blaster is operating in JTAG mode.
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Table 2.1: JTAG IN 10-Pin Header Pin-Outs.
Pin | JTAG Signal

1 TCK
GND
TDO
VCC
TMS
No Connect
No Connect
No Connect
TDI
GND

O 00| | O U =] W DN

—_
e}

2.3.2 Stratix III architecture

Stratix III FPGAs (Fig. 2.15) include adaptive logic modules (ALMs) and
high performance, flexible memory and DSP blocks to meet your system’s
most demanding requirements. The I/O banks and external memory interfaces
make design your boards easier, and design security features keep your designs
secure.

The features include:

1. Up to 150k equivalent logic elements, 17-Mbits of memory, and 576 mul-
tipliers in the L variant for the industry’s biggest FPGA.

2. 25% higher performance and 50% lower power than previous generation

FPGAs.

3. Up to 896 18-bit x 18-bit multipliers operating at 550MHz in the E vari-

ant.
4. Up to 24 high-performance 1/O banks.

5. Best in class signal integrity.
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Figure 2.15: Standard FPGA Logic vs. Stratix III FPGA Logic [23].

2.3.3 Flexible, efficient ALMs

Stratix III FPGAs are based on the innovative adaptive logic modules (Fig. 2.16)
that Altera introduced. ALMs are based on 8-input 'fracturable’ look-up table
(LUT) with two dedicated address and two registers.

The fracturable look-up table (LUT) allows ALMs to pack more functional-
ity into the same amount of the logic. ALMs can implement six-input functions,
some 7-input functions, or multiple other combinations of functions with vary
numbers of inputs. ALMs are the basis of the inductor’s most efficient and

highest-performance logic architecture.

ALM details:

1. 2:1 register-to-LUT ratio in ALMs assures that the FPGA is not register-

limited for register-rich design.

2. For DSP applications, ALMs include 2 dedicated adders capable of 2-bits
additions, or a single ternary adder for advanced arithmatic computa-

tions.

3. Ten ALMs in a single LAB can be converted into a 640-bit MLAB mem-
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ory block to get more data ports for greater memory band-width.
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Figure 2.16: ALM block diagram and example LUT configurations [23].

2.3.4 TriMatrix memory for the perfect fit

TriMatrix memory (Fig. 2.17) is more flexible and efficient and provides higher
memory bandwidth than any other FPGA memory architecture. Stratix III
includes three sizes of memory blocks: MLAB blocks, MK blocks and M144K
blocks.

TriMatrix memory details:
1. Provides up to 17 Mbits of memory performing at over 600MHz.

2. Includes features such as dual-port RAM mode, error correction coding

(ECC), and low power mode.

3. Stratix III E devices include the most memory and DSP blocks for

memory-intensive applications.
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Figure 2.17: TriMatrix memory [23].

2.3.5 Highest performance digital signal processing

For the highest performance, Stratix III FPGAs include DSP block with twice
the multiplier capabilities of competing devices. These DSP Block deliver up
to 60 times more multiplies, accumulator processing performance than the
industry’s highest-performance DSP processors with lower power, lower cost,
and smaller board space for equivalent processing capability. For DSP-intensive
applications, the Stratix III E devices include the most DSP and memory blocks
in family.

In addition, it includes application-optimized IP (such as our Nios IT em-
bedded processors and DSP IP) and development tools (DSP Builder, SoPC
Builder, and CoH Compiler) to make your video and imaging, baseband, in-

termediate frequency, and encryption applicants easier to design.
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Figure 2.18: DSP Block [23].

DSP block details:

1. Variable bit-width multipliers, adders/accummulators, pipeline register,

and other arithmetic operators.

2. Up to 896 18-bit x 18-bit multipliers capable of operating at up to
550MHz.

2.4 Digital signals processing (DSP)

Signals can be divided into three categories: continuous-time (analog) signals,
discrete-time signals and digital signals. The signals daily are mostly analog
signals. Discrete-time signals are only at a particular set of time instances that

can be represented as a sequence of numbers that have a continuous range of
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values. Digital signals have discrete values in both time and amplitude. Some
of the advantages of a DSP system are: flexibility, reproducibility, reliability,
complexity.

With the rapid evaluation in semiconductor technologies, DSP systems have
a lower overall cost compared to analog systems for most of application. DSP
algorithms can be developed, analyzed and simulated using high-level language
and softwares tool such as C/C++ and MATLAB (matriz laboratory). The
performance of the algorithms can be verified using a low-cost, general pur-
pose computer. Therefore, a DSP system is relatively easy to design, develop,
analyze, simulate, test, and maintain.

There are some limitations associated with DSP (Fig. 2.18). For instance,
the bandwidth of a DSP system is limited by the sampling rate and hardware
peripherals. Also, DSP algorithms are implemented using a fixed number of
bits with a limited precision and dynamic range (the ratio between the largest
and smallest numbers that can be represented), which results in quantization
and arithmetic errors. Thus, the system performance might be different from

the theoretical expectation.

2.4.1 Basic elements of DSP system

There are two types of DSP applications: nonreal-time and real-time. Nonreal-
time signal processing involves manipulating signals that have already been
collected in digital forms. Real-time signal processing places stringent demands
on DSP hardware and software designs to complete pre-defined tasks within a
certain time frame.

The basic real-time DSP system is the one in which a real-world analog
signal is converted to digital signal, processed by DSP hardware, and converted

back into an analog signals.
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2.4.2 DSP hardware

DSP systems are required to perform intensive arithmetic operations such as
multiplication and addition. These tasks may be implemented on micropro-
cessors, micro-controllers, digital signal processors, or customer integrated cir-
cuits. The selection of appropriate hardware is determined by the applications,
cost or a combination of both.

For example with the aid of Xilinx System Generation for Digital Signals
Processing, a tool used to port MATLAB /Simulink model to Xilinx hardware
model, a system designer can model, simulate and verify the DSP algorithms
on the target FPGA hardware under the Simulink environment.

C' has become the language of choice for many DSP software development
engineers not only because it has powerful commands and data structures but
also because it can easily be ported on different DSP processors and platforms.
The processes of computation, linking/loading, and execution are outlined in
Fig. 2.19.

A digital computer is a collection of logic elements that can execute arbi-
trary algorithms to perform data calculation and manipulation functions. A
computer is composed of a microprocessor, memory, and some input/output
(I/O) elements. The microprocessor, often called a microprocessor unit (MPU)
or central processor unit (CPU) contains logic to step through an algorithm,
called a program that has been stored in the computer’s memory. The data
used and manipulated by that program is help in the computer’s data mem-
ory. Memory is a repository for data that is usually organized as a linear array
of individually accessible locations. The microprocessor can access a partic-
ular location in memory by presenting a memory address (the index of the
desired location) to the memory element. 1/O elements enable the micropro-
cessor to communicate with the outside world to acquire new data and present
the results of its programmed computations. Such elements can include a

keyboard or display controller. Programs are composed of many very simple
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Figure 2.19: Program compilation, linking, and execution flow.

individual operations, called instructions, that specify in exact detail how the
microprocessor should carry out an algorithm. A simple program may have
dozens of instructions, whereas a complex program can have tens of millions
of instructions. Collectively, the programs that run on microprocessors are
called software, in contrast to the hardware on which they run. Each type of
microprocessor has its own instruction set that defines the full set of unique,
discrete operations that it is capable of executing. These instructions perform
very narrow tasks that, on their own, may seem insignificant. However, when
thousands or millions of these tiny instructions are strung together, they may
create a word processor.

A microprocessor possesses no inherent intelligence or capability to spon-
taneously begin performing useful work. Each microprocessor is constructed
with an instruction set that can be invoked in arbitrary sequences. There-
fore, a microprocessor has the potential to perform a useful work but will do
nothing of the sort on its own. To make the microprocessor perform useful
work, it requires explicit guidance in the form of software programming. A
task of even moderate complexity must be broken down into many tiny steps
to be implemented on a microprocessor. These steps include basic arithmetic,
Boolean operations, loading data from memory or an input element such as a
keyboard, and storing data back to memory or an output element such as a
printer.

Memory structure is one of a computer’s key characteristics, because the
microprocessor is almost constantly accessing it to retrieve a new instruction,

load new data to operate on, or store a calculated result. While program and



Chapter 2.  Querview of FPGA technology 34

data memory are logically distinct classifications, they may share the same
physical memory resource. Random Access Memory (RAM) is the term used
to describe a generic memory resource whose locations can be accessed, or ad-
dressed, in an arbitrary order and either read or written. A read is the process
of retrieving data from memory address and loading it into the microprocessor.
A write is the process of storing data to a memory address from the micropro-
cessor. Both programs and data can occupy RAM. When the computer execute
a program that is located on the disk drive, that program is first loaded into
the computer’s RAM and then executed from a region set aside for program
memory. RAM is most often wvolatile - meaning that it loses its contents when
the power is turned off.

Some software cannot be stored in volatile memory, because basic initial-
ization instructions, or boot code, must be present when the computer is turned
on. Remember that a microprocessor can do nothing useful without software
being readily available. When power is first applied to a computer, the mi-
croprocessor must be able to quickly locate boot code so that it can get itself
ready to accept input from a user or load a program from an input device. This
startup sequence is called booting, hence the term boot code. If the computer is
turned on, the first messages that it displays on the monitor are a product of
its boot code. The computer is able to access its disk drive and begins loading
software into RAM as part of its normal operation. To ensure that boot code is
ready at power-up, non-volatile memory called read only memory ROM exists.
ROM can be used to store both programs as well as any data that must be
present at power-up and immediately accessible. Software contained in ROM

is also known as firmware.

2.5 Hardware description language (HDL)

The Hardware Description Language (HDL) is a very useful language for

real-time simulation on the FPGA. There are several kinds of HDL language
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eg., VHDL, Verilog, SystemC, etc. A Hardware Description Language (HDL)
provides a computer like language which specifies the required digital logic.
The designer uses this language to describe the system requirement. The design
may be simulated and corrected as necessary. Next the designer synthesizes
the circuit to either an FPGA or to a VLSI device. This uses a computer tool
analogous to a software compiler which translates the HDL description into a
circuit consisting of basic logic gates and flip-flops as necessary. The resulting
circuit is known as a net-list. The synthesis process provides the designer with
rapidly applied optimization techniques, techniques which will usually be more
effective that manual techniques. The ease of applying these techniques also
means that the designer may have time to experiment with different design
approaches at a higher level.

Use of the synthesis tool also means that when we prepare a design we do
not have to commit to a particular manufacturer’s FPGA or silicon process.
It is only when we synthesize that a particular FPGA or silicon process must
be specified. This has the great advantage that the HDL designs can be easily
transferred from one process to another. Indeed, this capability has opened
up a new industry segment known as IP (Intellectual Property). A number of
companies now exist solely to provide IP Cores, HDL designs of, for example,
a microprocessor, or perhaps an MPEG decoder. These companies then sell
this synthesizable description to designers constructing complex designs.

Field-Programmable Gate Arrays (FPGAs) have experienced tremendous
growth in recent years and have become a multi-billion dollar industry. Shrink-
ing device geometries resulting in larger gate capacity have provided for greater
functionality. The instant programmability gives systems built with these de-
vices a significant time-to-market advantage. However, this programmability
comes at a price, since FPGAs are at least three times slower and demand
more than ten times the silicon area when implementing the same function

on a chip when compared to Standard Cells or Masked Programmable Gate
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Arrays. This happens because Standard Cells use simple wires to make in-
terconnections between logic gates but in FPGAs, gates are connected with
programmable switches. These switches have much larger resistance and ca-
pacitance and hence are slower than the wires in full-fabrication chips. Ideally,
to improve the performance of an FPGA, we would like to use as few switches
as possible for any given circuit. In general, the three main factors affecting
overall FPGA performance are the architecture of the FPGA, the quality of
the CAD tools, and the electrical transistor level design of the FPGA.

Low Power | High Power

. < . Electrical Load
electronics electronics

A 4

(a) Direct electrical connection.

Low-power | Opto- L. High Power | | Electrical
Electronics | isolator B Electronics |~ | Load

Y

(b) Connection via an opti-isolator.

Figure 2.20: Connecting the electronics.

FPGAs provide a VLSI device consisting of a large number of logic blocks
whose function is determined by bits loaded into a memory within the device.
These bits determine the function of each logic block, and the interconnect
between them. Loading these bit patterns is normally done when power is
applied to the device by loading the bit stream from an adjacent memory chip.

Thus, the manufacturer of the FPGA uses standard VLSI techniques to
produce many millions of these devices. Lower scale manufacturers then load
the required bit pattern (program the device) to give the circuit they require

within their equipment.
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2.6 Summary

In this chapter, an overview of FPGA technology and its design methodology
is given. There is background information related to the Altera Stratix III
EP3SL150F1152C2 and Altera Stratix EP1S80B956-6 devices which are used
in this research. In the next chapter, we will present the modeling of various

components of a variable speed AC drive for real-time simulation.



Modeling and Control of a Variable
Speed AC Drive

3.1 Introduction

With the advent of the power semiconductor device since 1950’s, the power
electronics area has grown extensively in industrial, transportation, residential,
commercial and aerospace applications. Power electronics mainly deals with
the efficient conversion, control and conditioning of electrical power by static
means from its available input form into a desired electrical output form. The
electrical power conversion can be realized by power converters built on power
semiconductor switching devices controlled by control electronics. This kind of
power converter is usually known as switch mode converter. The power semi-
conductor devices can be considered as controllable switches that can turn-on
and turn-off according to the corresponding gate signal. Popular power de-
vices include Gate-turn-off thyristor (GTO), Insulated-gate-bipolar transistor
(IGBT) and MOS-controlled thyristor (MCT). Nowadays, with the increased

38
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Figure 3.1: Multilevel converters topology.

power capabilities and ease of control of these modern semiconductor devices,
great advances have been seen in new power converter topologies and controls.
Based on the power form on the input and output side, the power converters

can be divided into the following categories:

1. DC to AC (inverter).
2. AC to DC (rectifier).
3. DC to DC (chopper).

4. AC to AC (matrix converter or cycloconverter).

There are several types of multilevel (three-level and more) converters and
their respective modulation strategies. Multilevel converter topologies are re-
ceiving increased attention recently, especially for use in high power applica-
tions. This increased attention is due to the fact that the output waveforms
are much improved over those of the two-level converter technologies, and that
the voltage rating of the converter is increased due to the series connection of
the devices. Multilevel converters can also reduce the harmonics and hence

improve the power quality.
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Figure 3.2: Multilevel modulation technology.

There are several kinds of multilevel converters as can be seen in Fig. 3.1.
Different kinds of converters have different significance and utilization. Based
on the different types of modulation strategies, we can also distinguish the
types of converters as shown in Fig. 3.2. Among them, the third-harmonics
sinusoidal PWM method will be used in this thesis. It is the most commonly

used in the industry, today.

3.2 3-level voltage source converter

The 3-level voltage source converter (VSC) is shown in Fig 3.3. It consists of
12 IGBTs arranged in 4 IGBT’s per phase-leg, 12 antiparallel diodes, and 6
clamping diodes. The DC side of the converter usually consists of 2 capacitors
to provide +Vpe/2 and —Vpe /2 voltage. The AC side of the converter is con-
nected to the load. The 12 IGBTs in the 3-level converters are switched based
on specific PWM strategies. Among these strategies, sine wave with third har-
monic modulation (STPWM) stands out because it offers significant flexibility

to optimize switching waveforms and because it is well suited for implementa-



Chapter 3. Modeling and Control of a Variable Speed AC Drive 41

DC Power 12-Pulse 3-Level IGBT VSC
Source DC—p

R
= Aﬁgﬂ‘m@;‘ 4@

Va Vbl } Vabe
_é_ Vc iabc
= A3.—|K§ Z|§ BBFIK? ZIS C3._|Kg to motor
V,./2

A4'—|G |34'—”<;S c4"”<3

Figure 3.3: 12-pulse 3-level VSC drive.

tion on a digital computer. The modulator handles the PWM generation as
well as the 3-level issues (such as the problem of load sharing between the dc
sources, minimum pulse width compensation and so on).

Traditional, two-level high-frequency pulse width modulation (PWM) in-
verters for motor drives have several problems associated with high frequency
switching, which produce common-mode voltages and high voltage change
(dV/dt) rates to the motor windings and it will cause the motor aging. It
will seriously effect the medium level voltage motor and the coil insulation can
break down. The 3-level STPWM overcomes these disadvantages.

Several methods have been proposed to reduce the cost of the multilevel
converter by reducing the switching losses, reducing the harmonics so that
the cost of the passive components reduces, reducing the count of the devices,
reducing the rating of the devices, and so on. However, the performance is
limited when the reduced count of devices are used. The general idea behind
the selected topology was a rearrangement of IGBT's and diodes in a three-level
converter. In these topologies, the top and the bottom most devices in each leg

of the inverter are replaced by clamping diodes. However, when the number
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of voltage levels is greater than three, for example in four-level converter, the
innermost IGBTSs require a rating of (2/3)Vdc, whereas the outermost IGBT's
require a voltage rating of (1/3)Vdc.

3.3 Experimental measurement of IGBT elec-
trical characteristics

To develop an accurate IGBT model for the 3-level converter, first we need to
understand the switching characteristics of an IGBT. This section describes
the measurement of the relevant electrical characteristics of the IGBT which
include the turn-on and turn-off switching characteristics and the tailing cur-
rent behavior. These measurements are based on hard switching of the IGBT.
The measured IGBT characteristics are used to develop the 3-level VSC model.

Fig. 3.4 shows a snapshot of the CM50DU-24F IGBT module from Powerex®
used for the experimental setup and the IGBT device structure. This module
consists of two IGBTs and two antiparallel diodes rated at 1200V and 50A.
The experimental test circuit shown in Fig. 3.5 utilized this module to measure
the IGBT characteristics. The 250mH inductor in the circuit was chosen care-
fully to ensure the negligible current ripple, and the 1800uF capacitor across
the DC source was selected to smooth the ripple for a supplied DC voltage.
The IGBT2 is the Device Under Test (D.U.T) whose current was adjusted by
selecting the load resistance from the variable resistors appropriately.

Fig. 3.6 shows the typical turn-on and turn-off v..-i. characteristics of an
IGBT along with the switching time definitions. It also shows the definitions
of the power losses during switching. Fig. 3.7 plots the experimental data
obtained for the turn-on transient. It can be seen that there is an initial delay
t4(on) between the instant when the gate voltage vy, turns on and the instant
when the IGBT current i, starts to increase (or the collector-emitter voltage
of IGBT v, starts to decrease). After this delay . increases to its peak value

before settling to its steady-state final value. The time interval for i. to rise
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Figure 3.4: CM50DU-24F IGBT module from Powerez®

from 10% to 90% of its final value I. is denoted as t, whereas the time interval
between 0.1 I. to 0.1 V., is called t,,.

Similarly, the experimental measurements for the turn-off transient can be
seen in Fig. 3.8. The time delay between the turn-off of v, and the instant of
increase in v.. defines t4,7s). After this delay, v.. increases to a peak value and
finally settles to a steady-state value. The fall-time ¢ of i. defines from 90% to
10% of its final value, while ¢,¢¢ defines the interval between 0.1 V. and 0.1 I,.
The tailing current time interval is defined from 10% of I. to 1% of I.. Fig. 3.6
to Fig. 3.8 also show the current time ¢; which is the time interval between the
sensed gating signal and the instant when the voltage reaches 10% of its initial
value during the turn-on transient and the current reaches 10% of its initial
value during the turn-off transient.

The experimental data was collected at a 0.2ns resolution. Fig. 3.7 and
Fig. 3.8 show the fitted data which was used for FPGA implementation.The
implemented model data was averaged over 12.5ns for the FPGA input clock
frequency of 80MHz. Table 3.1 lists the measured IGBT characteristics for
the CM50DU-24F against those provided by the manufacturer’s datasheet.

The experiment was carried out at 300V, 15A because of the limitation of
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Figure 3.8: The measured result of IGBT V. and I, in turn-off transient. (V.:
100 V/div., Ve 20 V/div., I.: 5 A/div., time: 200 ns/div.)

the Lab apparatus even though the datasheet test conditions were measured

at 600V, 50A.
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Table 3.1: Switching data for CM100DU-24F IGBT unit from Powerex®.

Ld(on) 100ns
t, 50ns
td(off) 400ns
ty 300ms
VB, 1.8V
Vit 1.25V

3.3.1 Generalized IGBT modeling guideline

IGBT-based power electronic apparatus can be modeled using two types of
off-line [18] simulation tools: (1) system-level, and (2) device-level. In the
first category, the issues of interest are the network behavior of the power
electronic apparatus and its impact on the power system, such as injected
voltage and current harmonics, machine dynamics, and controller performance.
All EMTP-type software and general mathematical modeling packages such as
MATLAB/SIMULINK belong to this category. These tools utilize nodal or
state-space solution of linear ordinary differential equations discretized using
numerical integration rules such as the Trapezoidal Rule. Power electronic
devices are often modeled in these tools using three types of behavioral [21]
models: (1) ideal model, (2) switching function model, and (3) averaged model.
All of these models have also been used for off-time simulation [9,13,22].

In the ideal model, the detailed device characteristics are replaced by an
ideal switch where external characteristics related to switching transients, diode
reverse recovery, snubber circuits and stray components are omitted. In this
modeling category, each IGBT is represented as a two-valued resistor for its
on and off states. A change of switch status, however, results in a change
of circuit topology which, in turn, requires the re-calculation of the system
matrix. Generally, in real-time simulation, these matrices are pre-computed
and stored to minimize simulation time.

In the switching function model, a switch converter circuit is replaced by a
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circuit consisting of only controlled voltage and current sources. The simula-
tion is much faster using the switching-function models with almost the same
results as the ideal-model approach gives, i.e., high-frequency effect is included.
However, since individual switches no longer exist, it is not possible to monitor
the voltage/current or conduction of individual switches.

The averaged model can be obtained directly from the switching functions
by including the low-frequency components of the switching functions while
ignoring all the high-frequency components.

System-level modeling is fairly fast, however, it cannot show the device
characteristics accurately and not the real-time simulation. In this thesis, the
linear and non-linear model including the previous three models are used to
simulate in real-time simulation.

In the second category of device-level modeling, the issues of interest are the
switching transients, power losses, and thermal characteristics of the device.
SABER and the family of SPICE software are examples of these types of tools,
which employ simultaneous nonlinear system solution using numerical methods
such as the Newton-Raphson or the Katzenelson method [25]. Device-level
modeling is very accurate, however, for motor drives simulation it can be very
time consuming. There are three types of device-level models [27] available
for IGBT modeling: (1) analytical models, (2) behavioral models, and (3)
numerical models. None of these device models have yet been used for real-
time simulation mainly due to their computational complexity. The analytical
models are based on semiconductor physics describing the carrier dynamics
in the device. In this category, the two most popular models are the Hefner
model [20] and the Kraus model [28] which have been implemented in SABER
as well as SPICE. An electrothermal model based on device characteristics
was implemented in transient simulation [29], however, this was still done in
the off-line mode. In the behavioral models, IGBT characteristics are fitted

using different methods, and the resultant switching functions are then used
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in a simulator. This approach [30] has been used in an off-line system-level
simulation tool (EMTP) to model the device accurately. However, this model
still requires very small time-steps to be practically implemented in a real-time
simulator based on conventional general purpose processors or DSPs. In [31],
the nonlinear Hammerstein-like model was proposed and the model parameters
are derived from the semiconductor physics and still very complex to implement
in the real-time simulation. A device-level real-time model implemented in a
FPGA, for a IGBT-based VSC drive is proposed in [4] which takes into account
the precise switching times albeit based on linearized device characteristics.

The linearized device-level model is obtained through the linearization of
the detailed model. As the characteristics of the IGBT are expressed through a
linear function, the reverse recovery, tailing current and other non-linearities at
turn-on and turn-off are ignored, however, switching losses, and on-state-losses
are considered.

The detailed nonlinear device-level model can be constructed from the mea-
sured switching characteristics of the IGBT as explained later in this chapter.
The measured characteristics are highly non-linear and are sampled at a very
small time-step to develop the necessary curves. Using a detailed characteristic-
based model, the turn-on and turn-off nonlinear characteristics, switching and
conduction losses, and tailing current behavior of the device can be modeled
accurately. The power electronic converter model is computed at a fixed time-
step, albeit, at an extremely small step-size (of the order of a few nanoseconds).
The numerical models utilize finite element methods to model the carrier dif-
fusion in the device resulting in a very accurate although computationally
expensive model.

In this thesis, 5 IGBTs models are implemented for the 3-level converter:
3 system level models (ideal model, switching function model, and averaged
model) and 2 device level behavioral models (linearized model, and nonlinear

model).
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3.3.2 3-level VSC model

The 3-level VSC model was developed first based on a single phase leg. As
shown in Fig. 3.9 one leg of the 3-level converter consists of 4 IGBTs (Al,
A2, A3, A4), with 4 antiparallel diodes (D1, D2, D3, D4), and 2 clamping
diodes (D5, D6) to clamp the output terminal voltage v,,; to the neutral point.
The IGBTs can be divided into two pairs A1-A3 and A2-A4. The gating
signals for the IGBTs in each pair are complementary with an appropriate
dead-time. There are 2* = 16 possible switching combinations for the 4 IGBTs,
however, 11 of those combinations are invalid due to the following two operating

limits for the 3-level converter:

1. The IGBTSs in each pair (A1-A3 and/or A2-A4) cannot be on simultane-
ously to avoid DC voltage shoot through.

2. A2 and A3 cannot be off simultaneously to avoid a floating output voltage

on the phase leg.

Therefore, the following 5 valid states of the 3-level converter are considered:

State 1 : Switches A1l and A2 are closed, while switches A3 and A4 are open.
State 2 : Switches A2 and A3 are closed, while switches A1 and A4 are open.
State 3 : Switches A3 and A4 are closed, while switches A1 and A2 are open.

State 4 : Three switches A1, A2 and A4 are open during dead-timel between
switches A1l and A3.

State 5 : Three switches A1, A3 and A4 are open during dead-time2 between
switches A2 and A4.
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Figure 3.9: One leg of the 3-level VSC.

Ideal model of IGBT

Fig. 3.10 shows the ideal characteristics of IGBT. The detailed device char-
acteristics can be seen in Fig. 3.7 and 3.8. The major difference between the
detailed device characteristics and ideal characteristics can be compared. In
the ideal model, the on/off transients of IGBT switching and reverse recov-
ery of diode are neglected and consider as a switch for on and off only. The
on-stage and off-stage resistances are replaced by 1m(2 and 1M¢2, respectively.
It can be seen in Fig. 3.11. Furthermore, the stray components of IGBTs are
not considered. The set of non-linear equations for the IGBT characteristics is
replaced by the linear equations and it would be great to reduce the simulation
time for real-time and off-line simulation. The ideal model is the most com-
monly used approach method in the system level simulation. There is no extra
effort is required from the user point of view to prepare a circuit for simulation

and suitable for a wide variety of studies in complex system model.



Chapter 3. Modeling and Control of a Variable Speed AC Drive 51

A v A Y,

ce ce
IC IC
[ ] L]

R=1m Q ifIGBT is on. R=1M Q ifIGBT is off.

V., &l
<

—9)
5]
>8 Vge ge

r—————... p ea» o=

— > S L
| Time (ns) Time (ns)

(a) (b)
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Figure 3.11: One leg of the 3-level converter with ideal models for the IGBTs.

Switching function model of IGBT

In this approach, an IGBT is replaced by a circuit consisting of only the con-
trolled voltage and current sources, that describes the external behavior of
IGBT output voltage v., and current i.. A switched IGBT converter circuit,
consisting of only switch elements, can be seen in Fig. 3.12 (a) and 3.12 (b).
The relationship between the input and output quantities of each IGBT can

be expressed as

vo(t) = f(t) - vin(t) (3.1)
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Figure 3.12: Switching function model
iin(t) = g(t) - 0(t) (3.2)

In the above equations, f(t) and g(t) are the switching functions. In many
cases, f(t) and g(t) are related, and one can be derived from the other. From
these equations 3.1 and 3.2, the equivalent models of the 3-level converter
circuits in Fig. 3.3 can be expressed as in Fig. 3.13. The switching function f(t)
in this case is the same as the gating signal for IGBT switch. The relationship
between the input voltage, switching function and output voltage can be seen in
Fig. 3.12 (b)Using the switching-function representation, the converter circuit
in Fig. 3.3 can be replaced by the equivalent circuit in Fig. 3.13. Usually,
the switching functions can be obtained by directly inspecting the converter
circuit. As an example, Fig. 3.14 shows 3-phase voltage source converter and
the corresponding switching function representation.

They have three-levels (1, 0, and —1) for switching characteristics that
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depend on the control gate signals. It considers the equivalent circuit model

shown in Fig. 3.14 containing three single pole triple throw switches for de-

veloping the analysis of the converter operation, and modulation strategy for

3-level converter. Here, each of the three throws for the switches is connected

to a dc-bus level: top (V7), middle (V5), or bottom (V_;). The switching action

of each of the throws can be represented by their respective switching func-

tions (hoa, hia, etc.) as shown in the Fig. 3.13. On the de-side, three dc stack

currents can be defined as top (/y), middle (/y) or bottom (1_1).
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Va<t> hla(t) hOa@) hfla@) V1<t)
Vo) | = | huw(t) hoo(t) h-w(t) Vo(t) (3.3)
Ve(t) | hice(t)  hoc(t)  h-1c(t) Voi(t)
L) o) hu®) bt ][ L)
@) | =1 hol®  hoo(t)  hoelt) | | L) (3.4)
o) | | howalt) o) ko | | 1)

£) + huy(t) + he(t)
Vi Vo Vo) hoa(t) + hop(t) + hoc(t) (3.5)
hfla(t) + hflb(t) + hflc(t)

The simulation is much faster using the switching-function model. The

=
oy
o

IGBTs are considered as switches and neglect the detailed characteristics.
Also, the switching-function approach gives the same results as the ideal-model
approach, i.e., high-frequency effect is included. However, since individual
switches no longer exist, it is not possible to monitor the voltage and current
or conduction of individual switches in detail and it is not possible to calculate

the power losses.

Averaged model of IGBT

To develop an averaged model of the converter, the switching function is aver-
aged over one switching period, T;. Thus, the switching behavior and harmonic
components of all parameters are not taken into account.

Basically, the averaging operator can be expressed as

1 T+Tpmw
molr) = [ (o) de (3.6)

wherei =1,0, —1 and j = a, b, ¢, 7 = averaged period, Tpymw = switching
period.

In both the ideal-model approach and switching function approach, the cir-
cuit still switches at high frequency. To further speed up the simulation, the
model derived from the switching-function approach can be further simplified

by neglecting the switching effect. That is only the low-frequency components
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of the switching function are considered, and all other high frequency compo-
nents due to switching are ignored. As an example, in the averaged model,
the switching function f(¢) in Fig. 3.12 (b) becomes a dc value (assuming the
duty cycle to be 0.5 in this case) and the output voltage v, has no switching
harmonics, as shown in Fig. 3.15.The averaged model can be obtained directly
from the switching function. For those circuits in which switching function
cannot be easily obtained, the average model can be derived using the state-
space averaging technique. Fig. 3.16 shows the averaged model representation
for the 3-level VSC. Basically, it is the same as Fig. 3.13 for switching func-
tion model except that the switching function S are replaced by their averaged
counterparts S. Since there is no switching and the circuit topology is invari-
ant, the simulation speed can be very fast. Because of this, the average model
is particularly convenient in determining the frequency response of a circuit.

However, it is not possible to monitor each individual switch and evaluate the
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Figure 3.16: Averaged model representation for 3-level converter.

switching harmonic effect.

Linearized device-level behavioral model of IGBT

For the linearized model of IGBTSs in drive applications, the IGBTs are used
only in switched mode. Furthermore, the largest possible value of the gate-
to-emitter voltage Vg, is used to minimize the conduction loss in this region.
In this case, the forward characteristics of the IGBT can be represented by a

linear substitute characteristic Fig. 3.17, which is given as follows:

vce,sat(t) - Uce(tO) + Tee - Zc(t) (37)

where v.(to) is the collector-emitter threshold voltage, 7. is the device
on-state resistance.

These data can be obtained from the IGBT manufacturer’s datasheet. The
another important characteristic of an IGBT is the switching transient timing
chart for the on/off switching operation of the device. This chart is analyzed
with the aids of the standard IGBT test circuit used by the manufacturer.
The values of the circuit elements are also standard values defined by the

manufacturer. Fig. 3.6 shows the typical timing diagrams of an IGBT during
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turn-on and turn-off transients respectively. These figures are also used to show
the switching time definitions.

The characteristics of the implemented IGBT model are based on the
CM50DU-24F 1GBT from Powerex (Table 3.1) with the timing charts shown
in Figs. 3.18(a) and (b). As can be observed in these figures, the major char-

acteristics of time-delay, rise time and fall time are taken into account.

/

1(A)
Region | Region ]

V4o(TO) Ve (V)

Figure 3.17: Characteristic Vop — Io curve of a generic IGBT for a specific
value of Vgg.

Nonlinear device-level behavioral model of IGBT

Using the measured IGBT characteristics (Fig. 3.7, and 3.8) nonlinear device-
level model was developed using the per-unit scale and look-up table in the
FPGA. From the experimental data obtained it was observed that the rise and
fall times for the current and voltage are constant and are proportional to the
amplitude of the final value. Therefore, the turn-on and turn-off waveforms
can be obtained by scaling a per-unit device-level switching function stored in
a look-up table by the final amplitudes. All of the 5 converter states described
in Section 3.3.2.

For each of these combinations, at every time-step (12.5ns) of the real-time

simulation, the value of the load current i,,; is used to determine whether the
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Figure 3.18: Linearized timing characteristics of IGBT hard-switching turn-
on/off waveforms.

current will flow through the IGBTSs or the clamping diodes or the antiparallel
diodes.

For example, consider that at time t = ¢, the gating signals for A1, A2,
A3, A4 are changed to 1, 1, 0, 0 respectively. If i, is positive, it will low
through the diodes D3 and D4 for ¢ < t;, and the steady-state output voltage
would be vy = —Vpea — 2Vy(sar), where Viar) is the voltage drop across the
diode. After t = t; + t4on), Al and A2 will start to conduct and ., will flow
through the IGBTSs to reach its steady-state value of I.. The output voltage
will also rise until it reaches its steady-state value of vy = Vpo1 — 2Vee(sar)-

During dead-timel the gating signals for A1, A2, A3, A4 will change to
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0, 1, 0, 0 respectively, and v,,; would remain the same as before. After the
time tg(fs) for Al, v will increase and collector current i. decreases until
it reaches 90% of I.. Thereafter, i, falls quickly to reach 10% of I. which
causes the overshoot in v... Within the tailing region, i. falls slowly becoming
almost zero, and then gets replaced by the current of clamping diode D5 flowing
through A2. For the gating pattern 0, 1, 1, 0, the positive current will continue
to follow through D5 and A2, and vou = Vy(sat) + Vee(sat)- During dead-time2
for the gating pattern 0, 0, 1, 0, the current will flow through the antiparallel
diodes D3 and D4, and vous = —Vpe2 — 2Visar). When the gating pattern
changes to 0, 0, 1, 1, the positive current will continue to flow through D3 and
D4, when the steady-state output voltage will be v,us = —Vpc2 — 2Vi(sar)-

On the other hand, if 4,,; is negative, and assuming that the gating signals
for A1, A2, A3 and A4 were equal to 1, 1, 0, 0 at time ¢t = t1, the current
would flow through the diodes D1 and D2 for ¢ < t;, and at t = t;, it would
continue flowing through the same diodes resulting in v,u: = Vpo1 + 2Vy(sar)-
During dead-timel with the gating pattern 0, 1, 0, 0, v, Wwill be same as
before. For 0, 1, 1, 0, the negative ,,; will flow through A3 and D6 resulting
N Vour = Vee(sat) + Vi(sar)- During dead-time2, v,,; will remain the same as
before. Finally, when the gating pattern 0, 0, 1, 1 occurs, i,,; will go through
A3 and A4 with vy = —Vpeo + 2Vee(sar)-

When i,,; is equal to zero, the steady-state value for the output voltage

will be Vpey, 0, or —Vpeo depending on the gating pattern.

3.4 Induction machine

The squirrel case induction motor is basically a sample, cheap and reliable
machine which can provide excellent characteristics where a constant shaft
speed is required. For example, the speed of a typical motor fed from a constant
frequency supply may vary less than 5% over the range of normal load and

supply voltage variations. This basic characteristic of the motor, to run at a
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virtually constant speed close to synchronous, has for long been a challenge to
designers who have sought to devise variable speed schemes.

A rotating magnetic field is set up by the voltage applied to the stator
windings and the speed of rotating is uniquely determined by the number of
poles and supply frequency such that

120 % f

N ;
P

(3.8)

where N is the synchronous speed in rpm, f is the fundamental frequency of
system, P is the number of poles of synchronous machine.

The rotating field induces the currents in the squirrel cage rotor which
interact with that field so as to produce a torque. This torque accelerates
the rotor to revolve at some speed, N,, less than the synchronous speed, Ng.
The rotor requires a torque to satisfy the load torque and this same torque is
experienced by the rotating (air gap) field. So, there are two rotating members
that experience the same torque but have different speed.

It has been shown by Blaschke [41] that these problems may be overcome
by field orientation, essentially reducing the control dynamics of an ac machine
to those of a separately excited compensated dc motor. This is achieved by
defining a time-varying vector which corresponds to a sinusoidal flux wave
moving in the air gap of the machine. When referring the MMF wave of the
stator currents described by i,. The model of induction machine in terms of
space vector is clear physically and simple mathematically [47]. The expressions
of flux linkage, voltage, current, power and torque of the machine derived from
the model can completely substitute for the expressions in abc reference frame.
The theory of induction machine vector control is based on constant parameter
induction machine dq axis model that neglects all the parameter variations, flux
saturation and iron core loss. Due to inevitable variation of parameters during
operation of the drive, actual performance may significantly deteriorate from

ideal.
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Stator Winding

Figure 3.19: Schematic view of a squirrel cage induction motor.

In general, two approaches are identified as being available to combat the
problem of parameter variations. The first approach relies on modern control
techniques and attempts to increase the robustness of the drive while still
relying on the same basic constant parameter dg axis model of the machine.
The second approach attempts to improve the accuracy of orientation and
thus performance of the drive by using modified dq axis models of induction
machines. The modified models account for one or more sources of parameter
variations and thus essentially provide an open-loop adaptation for the specific
parameter(s).

In three-phase induction motors, the connection to the mains does not
usually use the neutral. Therefore, the mains current has no homopolar com-
ponent. A two-dimensional representation can then be used for describing
three-phase induction motor phenomena, a suitable one being based on the
current Park’s vector model.

The dg model is well suited to drive analysis since it is readily linked to
power converter, switching level (modulation) control, supervisory control, and
mechanical system models. Simulations using this class of model execute very

rapidly in comparison with time domain Finite Element Analysis models [48]-
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[49]. However, the model has many shortcomings in terms of accuracy, par-
ticularly in the case of switching frequency effects such as current and torque
ripple. Numerous efforts to address these deficiencies have appeared in the
literature. For example, one approach has focused on magnetically coupled
stator and rotor circuit models, whereby the winding configuration is explic-
itly taken into account. By appropriate modification, a bar-by-bar rotor model
can be reduced to the standard model, assuming a sinusoidally distributed
stator winding. A major research area has been in incorporating main-axis
magnetic saturation into the model. Another area of improvement has been
the incorporation of the deep-bar effect specific to squirrel cage rotors, which
in effect recognizes the large rotor bars as distributed-parameter systems. Sat-
uration of leakage inductances is frequently ignored but can have significant

impact on performance.

3.4.1 State-space induction machine model

A 4-pole, 50HP, 460V squirrel cage induction motor, whose parameters are
given in Table 3.2, was used in the real-time simulation. The machine repre-
sentation is based on the fifth-order stationary reference frame model [10], and

is described by the following state-space equations on the electrical side:

% = Ax+ Bu (3.9)
y =Cx (3.10)

where x € R* in the state vector composed of stator and rotor flux linkages;
u € R? is the input vector composed of the stator voltage components; and

y € R* is the output vector composed of stator and rotor current components,

defined as:

x = [ Aaslt) Ass(®) Aar(t) Aor() ] (3.11)
w o= [ Vaslt) Vi) " (3.12)
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Table 3.2: Induction Machine Parameters

R 0.087%2
R, 0.228¢2
L, 34."mH
Ly 35.5mH
L, 35.5mH

J | 1.662Kg - m?

and
. : . : T
y = [iaol) igslt) iarlt) isn(t) ] (3.19)
The coefficient matrices A, B and C are given as:
—C3Ty 0 17 0
A 0 —C37s 0 C1Ts (3.14)
17y 0 —CoTy —Wy
0 c1ry Wy —CoTy
10 C3 0 —C1 0
. 01 . 0 C3 0 —C
B = 00 ’C a —C1 0 Co 0 (315)
0 0 0 —Cq 0 Cy
with
“ = I, 12
@ = L., -1
N LT
< = L., -1

L,, is the mutual inductance; L, and L, are the stator and rotor self-
inductances; R; and R, are the stator and rotor resistances, respectively. The
mechanical dynamics of the machine are represented by the following equations

using rotor electrical speed w, as the state variable:

wr(t) = o= [Te(t) — T (t)] (3.16)

and
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3P .

Te(t) = 55 [tgs(8)iar(t) = tas(t)igr ()] (3.17)

where P is the number of poles and J is the total rotor inertia. 7T, and T},

are the electrical and load torque, respectively.

3.5 Carrier-based pulse width modulation

In general a pulse width modulated switching signal is generated by comparing
a constant or time varying modulating signal with a triangle signal. For the
3-level VSC in this thesis, we use two triangular signals and the carrier control
modulation signals with injected 3rd harmonics as shown in Fig. 3.20.

The modulating signal vee, = Veonsin(wt—08)+Veengsin(3wt—0) is compared
with triangular carrier signal vy.;, and the intersection points are used to set
the switching function S high or low. When v, > vy, S = 1 and when
Veon < Ugriy S = 0.

In a 3-phases converter, 3 modulating control signals that are 120° out of
phase are compared with common triangular carrier signals of fixed amplitude
and frequency to generate the three switching function Si(k = a, b, ¢). The fre-
quency of the triangular signal determines the converter switching frequency
fsw and the frequency of the modulating signal determines the fundamental fre-
quency f; of the converter output. The frequency modulation ratio is expressed
as my = ff—lw while the amplitude modulation index is defined as m, = %

With the DC bus voltage kept constant at V., the sinusoidal PWM scheme
results in switched pulses of Vj. across the converter AC terminals. Fourier
analysis shows that the resulting output voltage waveform contains a predomi-
nant fundamental component and high frequency harmonics at the carrier and
side band frequencies. The peak value of the fundamental frequency harmon-

ics at the carrier and side band frequencies. The peak value the fundamental

frequency component of voltage v,y in the linear region (m, < 1) is given.
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Thus by varying m,, the amplitude of the fundamental Fourier series com-
ponent of the switched voltage at the AC terminal is also varied proportion-
ally. The phase of the fundamental component of the switched voltage can be
changed by varying the phase angle § of the modulating sine wave v,,, with
respect to the reference AC sinusoidal source voltage. The harmonic spectrum
of the converter output is determined by my.

The magnitude of the sinusoidal reference can be extended up to the mag-
nitude of the carrier waveform. This situation corresponds to a maximum
modulation index:

Miomas = — B =T _ (785 (3.18)

Usiz—step 4

Carrier-based PWM algorithms have emerged in analog hardware support.
The performance at low-modulation index is very poor because of the narrow
pulse limitations and transition instabilities during the change of the modula-
tion function.

The ratio (my) between the frequency of the carrier and the frequency of
the control (reference) signal can be the different values. The modulating signal
with a third harmonic injection with the phase selected to suppress the peak

of the sinusoidal reference.

Vref,a = VeonSin(wt — 0) + Vegnasin(3wt — 6) (3.19)
Vyes B = Veonsin(wt + 120° — §) + Vipnzsin(3wt — 0) (3.20)

Vper.c = Veonsin(wt + 240° — 6) + Vipnssin(3wt — 0) (3.21)
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11 Top Carrier

Figure 3.20: 3-level asymmetrical regular sampled PWM.

3.6 Closed-loop control system

Since its introduction by Blaschke [41], it is well known that field-oriented con-
trol allows high performance speed and torque response of induction machines.
When the control is oriented by the rotor flux, the induction machine behaves
like a DC machine with separate excitation.

The field orientation and reference frame transformation are the elements
of vector control. It can be realized by coinciding the axes of the rotor flux ref-
erence frame with the synchronously rotating reference frame. In other words,
the spatial angular frequency of the rotor flux linkage must be adjusted syn-
chronously with the primary angular frequency, in addition, the magnitude of
the rotor flux linkage must be controlled by the stator current. However, in
order to implement the field-oriented control method, the induction machine is
recognized as a three-input, three-output controlled system. The 3-input vari-
ables are the primary angular frequency, the magnetizing current component,
and the torque current component. Furthermore, the 3-output variables are
the rotor angular velocity, and the rotor flux linkage currents 4, and ig [5]. The

principle of electromechanical energy conversion is not only the basic principle
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of electromechanical energy converter but also an important tool for rotating
electrical machine analysis.

Considering a dg machine representation, where the d-axis is aligned with
the rotor flux space vector rotating at w, rad/s and the g-axis is 90° apart as

can be seen in Fig. 3.21, the following equations [54] can be obtained:

A dN. L,
2 ——— .22
T * dt T, v (3-22)
L,, .
(We — wr) = —iags (3.23)
Tr
PL
7, = 3P Lm, (3.24)

e — §§L_r rlgs
As can be observed in (3.22)-(3.24), the d-axis current controls the flux and
the g-axis current, considering the flux constant, controls the torque and the

machine speed. In these equations, 7, is the rotor time constant, defined as

Ly

T = &

When the induction machine is fed by a voltage source converter instead of

a current source-converter, the following equations can also be obtained:

L'?n . L72n dids
Vds = (Rs -+ TTLT) 1ds + (1 — Ler) LSW -+ de (325)
Vie =y (1 L) p — LEmy (3.26)
do = —We I.L. slgs LT :
L? L? di
= =m )Gt (1 ) S 2
Ve <RS i TTLT) oo ¥ ( LSL) ar Pl 620
2\ L
‘/qm = We (1 — Ler) leds + WTL—TAT (328)

(3.25)-(3.28) reveal that there is an axis coupling represented by the terms
Var and V.. This coupling was discarded by the control scheme, being treated
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" d-axis
Stator
igs — flux-producing component (kept at the rated value ) ‘ Reference
iqs — torque-producing component (controlled independently) Frame

Be — rotor flux angle
6, — rotor angle
By — slip angle

Figure 3.21: Direct field-oriented controller based on rotor flux.
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Figure 3.22: Schematic of direct field-oriented controller for AC-motor drive.

Speed
Controller

as an exogenous input due to the high gain current controller. Fig. 3.22 shows
the controller block diagram.

The controller requires the measurement of rotor speed (w,), stator cur-
rents (iqs and i4), the modulus of the rotor flux (|A,|) and rotor flux position
(ZA;). |Ar]* and w} are the references for the rotor flux and electrical speed,
respectively. The information about the rotor flux (magnitude and angle) is
usually obtained with the aid of a flux observer [43], [34].

Field-oriented control allows for decoupled control of the rotor flux and
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torque of the machine by using a dg machine representation where the d-axis
is aligned with the rotor flux space vector rotating at w, rad/s and the g-axis
is 90" apart. The inputs to the controller are the rotor flux reference and
the speed reference. The measurements are rotor speed, stator currents and
the rotor flux space vector. The torque reference is derived from the speed
controller, while the current references (I, and I7,) come out of the flux and
torque controllers. Two independent current controllers provide the respective
Vi, and Vi control commands in the field oriented rotor reference frame. The
desired three phases control signals for PWM, v}, v} and v} are generated from

Vi, and V© by transformation to the stationary reference frame.

3.7 Summary

This chapter presented the models of individual components of a variable speed
AC drive: the 3-level converter, the induction machine, the PWM, and the
closed-loop controller. To model the 3-level converter, 5 different modeling
methods of the IGBT are proposed. The complete FPGA implementation of
the models described in the chapter will be given in Chapter 4.



FPGA-based Real-Time

Implementation of a Variable Speed
Drive

4.1 Introduction

This chapter presents the implementation of a FPGA-based real-time digital
simulator for the 3-level induction machine AC drive. The objectives of this
implementation is to demonstrate the practical feasibility of the component
models presented in the previous Chapter. The design of the simulation is
based on the Stratix EP1S80 device and Stratix III EP3SL150F1152C2 device
from ALTERA. The system implementation has been properly tailored to meet
the constraints of the available hardware resources and to meet the simulation

objectives.

70
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4.2 Hardware platform

The overall schematic of the hardware involved in this work is illustrated in
Fig. 4.1. Tt consists of the stratix and stratix III FPGA boards, the host PC,
the DAC boards, the oscilloscope, and the interfacing cables. The following

gives a brief description of each of these components.

Byteblaster 40pin cable '
_ Oscilloscope
DAC =
J| | Boards C) 2@;
. ° @
FPGA Boards “ 00000
E (Stratix or Stratix Il )
Host PC —

Figure 4.1: Overview of hardware setup.

4.2.1 Stratix DSP development board

Fig. 4.2 shows the stratix DSP development board. The board is based on
the powerful development platform for the Digital Signals Processing (DSP)
designs, and features with the Stratix EP1S80 device in the speed grade (—6)

956-pin package.
Table 4.1 shows the details of the stratix EP1S80B956 device.

In the Stratix board, there are several components:

1. Analog input/output
-There are two 12-bits 125-MHz A/D converters.
-There are two 14-bits 165-MHz D/A converters for 80-MHz clock.

-Signal-ended or differential inputs, and single-ended outputs.

2. Memory subsystem
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-2 Mbytes of 7.5-ns synchronous SRAM configured as two indepen-
dent 36-bit buses.

-64 Mbits of flash memory.

Configuration options

-On-board configuration via the 64-Mbits flash memory, plus the Al-
tera EPM7064 programmable logic device (PLD).

-Download configuration data using ByteBlasterMV download Ca-
bles.

Dual seven-segment display.

One 8-pin dual in-line package (DIP) switch.
Three user-definable push-button switches.
One 9-pin RS-232 connector.

Two user definable LEDs.

On-board 80MHz oscillator.

Single 5-V DC power supply.

By using the ByteBlaster II cable, SOF file can be downloaded to the board

for real-time simulation. One 8-pin dual-in-line package (DIP) switch and

three user-definable push button switches are used as the interface of human

and machine. For the system reset, one of three user-definable push button

switches (SWO) is used. The others are set to reverse and increase/decrease

the speed of the motor. The DIP switches are used for two D/A outputs

management, and the load T}, applied to the induction motor.
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Figure 4.2: EP1S80 FPGA Stratix board.
Table 4.1: Stratix Device Features.
Feature EP1S80B956-6
Logic elements (LEs) 79,040
M512 RAM Blocks (32x18bits) 767
M4K RAM Blocks (128x36bits) 364
M-RAM Blocks 9
Total RAM bits 7,427,520
DSP Blocks 22
Embedded multipliers (based on 9x9) 176
PLLs 12
Max user I/O pins 679
Package type 956-pin BGA
Board reference U1l

Voltage

1.5V internal, 3.3V 1/O

4.2.2 Stratix IITI DSP development board (DE3)

Fig. 4.3 shows the DE3 board based on the Stratix III EP3SL150F1152C2
device. Table 4.2 shows the details of the Stratix III EP3SL150F1152C2 device.

It depicts the layout of the board and indicate the location of the connectors
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and key components.

Stratix [l DSP Development Board
HSTC
Altera Stratix Il P) Connector
EP3SL150 o
A EPCS128
50MHz e 7y Conf. Device
Oscillator .‘-\‘,s "
% .v‘,"-'_‘ %
7 e-:::,i:-é: >
-
Dip -
Switch DDR2 SO-DIMM
socket

Figure 4.3: EP3SL150F1152C2 FPGA Stratix III DE3 board.

Table 4.2: Stratix III Device Features.
Feature EP3SL150F1152C2
Logic elements (LEs) 142000
Memory (Kbits) 5499
DDR2 SDRAM DIMM (GByte) 1
QDRII/+SRAM (Mbit) 72
DDR2 SDRAM devices (MByte) 16
SSRAM (MByte) 4
Embedded multipliers (based on 9x9) 384
PLLs 8
Max user I/O pins 736
Package type 1152-pin BGA
Board reference Ul
Voltage 1.1V internal, 1.8V I/0

The DE3 board has plenty of features that allow users to implement a wide
range of designed circuits. The Stratix III device is capable of dealing with

resource consuming projects and complex algorithm verification; the HSTC
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Figure 4.4: OP5330 of Opal-RT DAC card.

interface is equipped for high speed interconnection and configurable 1/O stan-
dards.

For the system reset, one of four user definable push button switches (SW0)
is used. The others are set to reverse and increase/decrease the speed of the
motor. The DIP switches are used for two D/A outputs management, and the

load T}, applied to the induction motor.

4.2.3 Digital-to-Analog Converters

There are two types of DAC boards available in RTX-LAB: OP5330 board
from Opal-RT for the Stratix board, and THDB ADA card from Terasic for
the Stratix I1I boards.

OP5330 board from Opal-RT

The OP5330 (Fig. 4.4) is one of a range of function modules for the OP5000
Signal Conditioning and I/O products from Opal-RT Technologies. It allows
up to 16 analog signals to be output simultaneous from a single module.

It features 16 channels with individual 16-bit Digital-to-Analogy Converter
(DAC) that ensures simultaneous signal generation from multiple channels.
Each DAC can update up to 1MS/s, giving a total throughput of 16MS/s.
On-board signal conditioning provides voltage ranges of +/ — 16V.
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Figure 4.5: THDB ADA (ADA) daughter board from Terasic.

Terasic High Speed A/D and D/A Development board

Terasic High Speed A/D and D/A Development board is shown in Fig. 4.5.
The feature set of the high speed A/D and D/A Development board (ADA) is
listed below:

e Dual A/D channel with 14-bit resolution and data rate up to 65 MSPS.
e Dual D/A channel with 14-bit resolution and data rate up to 125 MSPS.

e Dual interfaces include HSMC and GPIO, which are fully compatible
with Cyclon III start Kit and DE1/DE2/DE3, respectively.

e Clock sources include Oscillator 100 MHz, SMA for A/D and D/A each,
and PLL from either HSMC or GPIO interface.

4.2.4 Tektronix Digital Phosphor Oscilloscope DPO7054

Fig. 4.6 shows the DPO7054 oscilloscope. The main features of this scope

include:

e 500 MHz bandwidth.

e Up to 20 GS/s Real-time sample Rate on one channel and up to 5 GS/s
on All 4 channel.
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e Up to 400 Megasamples Record Length with MultiView Zoom feature for
Quick Navigation.

e > 250000wfms/s Max Waveform Capture Rate.

e User-selectable Bandwidth limit filter for Better Low-frequency Measure-

ment Accuracy.
e Event Search and Mark to find specific events in the entire waveform.
e 12.1 inches XGA Display with ToughScreen.

e OpenChoice Software with Microsoft Windows XP OS enables Built-in
Networking and Extended Analysis.

Figure 4.6: Digital Phosphor oscilloscope DPO7054.

4.3 FPGA implementation of system models

The hardware realization of the system model has been the straightforward
implementation on FPGA chip. It is divided into four parts that include
the 3-level VSC, the induction motor, the direct field oriented controller, and
STPWM.
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4.3.1 3-level VSC hardware realization

This section describes the hardware implementation of the system-level IGBT
models and the device-level IGBT models for three level VSC. The implemen-
tation was done entirely in VHDL.

System-level model hardware realization

The overall hardware realization (Fig. 4.7) of the VSC using the 3 system-level
IGBT models (ideal, switching function and averaged) is basically the same
except for the IGBT model itself as described in Sec. 3.3.2. The DTC1 and
DTC(C2 are counters to include dead-time for A1 and A2 switch. The 3 level
VSC model was then constructed by duplicating this design for the single leg.

A1 A2
gate gate
Dead-time Dead-time
80MHz clock counter counter
(D.T.C1) (DT.C2)
5 Aly A3y Ay My
@ »
— > Ll
Szo _| Ideal model or
§<0 | Switching function model or 24
S ~|  Averaged model Vout
Turn-on Turn-off
|out 2

Veer L | L] e

Voo, » Computed IGBT Characteristics | 24

Figure 4.7: Functional block diagram of the hardware realization of IGBT
system level models for one VSC leg.
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Linearized device-level model hardware realization

The FPGA realization of the single leg of the 3-level VSC using a linearized
device-level IGBT model is shown in Fig. 4.8. Instead of receiving the four
gating signals, the model receives only the two gate signal for the switches Al
and A2. These gating signals go through a block that adds the dead-time and
then generates the four gate signals for A1, A2, A3 and A4. This approach
was chosen to simulate the presence of the IGBT gate drivers, which add the
dead-time after the PWM generation. With the gating signals, Vpe1, Vpeso and
I, as inputs, the model then implements a state machine with eight states,
one for each possible combination of the switches. In each state, the output
current value of the leg is verified in order to determine the path of current
flow. The state machine interacts with the counters responsible for modeling
the time turn-on delays t4(on), turn-off delay 4,7, rise time ¢, and fall time
tf, generating control signals that drive these counters. The counter outputs
are used to determine the output voltage with respect to the ground terminal
of dc bus. The model also outputs the current Ipe through Al, A2 or D1, D2
which could be used to determine the output current of the dc link.

The single leg model was duplicated to make the three-phase 3-level VSC
model. The inputs to the VSC model are the three phase currents, two DC
voltages, and six gating signals with their complements. The outputs of the
model are the three-phase voltages V,, V, and V,, and the current Ipo. All
the model variables are chosen as signed fixed point numbers except for the
gate signals which are single bits. The number format for all model voltages
and currents in the FPGA implementation was 19.5, i.e., 19 bits are used to

represent the integer part, and 5 bits are used to represent the fractional part.

Non-linearized device-level model hardware realization

The FPGA realization of one-leg of the 3-level VSC using a nonlinear device-

level IGBT model is shown in Fig. 4.9. For the non-linear model, the measured
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Figure 4.8: Functional block diagram of the hardware realization of one leg of
3-level VSC using linearized device-level IGBT model.

per-unit IGBT switching characteristics were implemented at a resolution of
12.51s in a Look-Up Table (LUT) of the ROM on the FPGA board and then the
behavior model was generated. Altsyncrams from the mega-function library of
ALTERA are used with one read port as ROM mode. To get the non-linear
IGBT characteristics, ROM is used to implement a combinational logic circuit
which converts a 7-bit number to the corresponding non-linear characteristic
signal. At each time-step, the appropriate IGBT characteristic is read from
the LUT based on the gating signals. Depending on the address and clock
frequency, the accurate per-unit IGBT characteristic can be read and converted
to the outputs of v..(t) and i.(t), and then changed to the instantaneous output
voltage v, and current Ipc exactly depending on the inputs [,,;. Therefore,
the output result values are the instantaneous current and voltage (within the
nanoseconds range) that are shown accurately.

For the model of the IGBT, there are 4 LUTs to implement the IGBT

characteristics of Vie(on), Vee(orf), Le(on) and Iooppy. From those characteristics



Chapter /. FPGA-based Real-Time Implementation of a Variable Speed
Drive 81

A1
g ate »| Dead-time
Counter

80MHz clock (D.T.C.1)

g ate » Dead-time
Counter

(D.T.C.2)

S
o
8
IS
@]
O
Vout
24
I
DC
24
State Machine
24
V,, - i, per-unit characteristics V4 - iy per-unit characteristics

[ =y

Diode reverse recovery

Turn-on Turn-off

FPGA RAM (LUT)

Figure 4.9: Functional block diagram of the hardware realization of IGBT
non-linear device-level model for one VSC leg.

of IGBT, the instantaneous V.. and I. can be calculated. For example, the
gating signal is on and the IGBT characteristics of Vie(on) and Iy start to
read. The ROM can be initialized using a Memory Initialization File (.mif)
which can be created using a simple text editor. The address and g ports are
selected from the ROM.

After the model of one leg of the converter was built, it was duplicated to
build the other two legs to implement the three phase VSC. The overall VSC
model requires as inputs, the three phase currents, the DC voltage and the six
gating signals.The outputs of model are the three voltage V,, V}, and V. with

respect to the ground bus and the current Ipe. All the variables are considered
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Table 4.3: Number format for the VSC model variable.

VDCl; VDC’Q 19.5 input
la 19.5 | wnput
Tp 19.5 | wnput
lc 19.5 | input
Al A2, A3, A4 | 1 nput
Vg 19.5 | output
Vp 19.5 | output
Ve 19.5 | output
Ipc 19.5 | output

as being signed fixed point numbers except the gate signals which are single
bits.

Table 4.3 summarizes the number format for the input and output variables.
In this table, 19.5 means that 19 bits are used to represent the integer part of
the number and 5 bits are used to represent the fraction part.

The internal variables of the model usually have more fractional bits than
the input/output variables in order to preserve the resolution of the simulation
calculations. The developed model considers that in one simulation time-step
there is no change in the current signal. This is a valid assumption since the

time-step chosen for the VSC model was 12.5ns.

4.3.2 Induction machine hardware realization

The induction motor is implemented by using the Altera’s DSP block sets and
generated the VHDL source code. The sample time for the motor is 10us. The
rest of the parts are directly written by the VHDL language. In the induction
motor, the torque T and the three phase voltages are as inputs, and the
currents, speeds and electrical torque are as outputs. The machine model must
be discretized for the hardware realization by using the Trapezoidal rule. The
nonlinear model of motor was implemented by using the arithmetic function
DSP blocks such as subtractors, adders, and multipliers, etc.

The complete FPGA hardware implementation of this machine model is
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described in [4]. Fig. 4.10 shows the schematic of this implementation. Trape-
zoidal Rule with a time-step of 10us is used to descretize the model given by
(3.9)-(3.17). The DSP Toolbox from Altera was used to implement the model
in MATLAB/SIMULINK, and the generated VHDL code was integrated with
the rest of the system. In addition to the stator and rotor current components,
the model also outputs the rotor flux magnitude and position which are used

to implement the field oriented control in the next section.

L X() = AX(k-)

Vo | +B.U(k-1) _
v | +BUK) = Y(k) = C.X(K)

|-> Eq.3.11 and 3.12 discretized r Eq.3.13 discretized

\_:OOkHz clock signal U

Te(k) = Ki(ips(k) fus(k) - as (K) ig:(k))
wr(k) = wi(k-1) + ka[Te(k) - Te(k) +

T, Te(k-1) - Tr(k-1)] »
Aol Age Eq.3.16 & 3.17 discretized '
A\
> o
Rotor Flux Stationary ref . > g
Magnitude and frame .
position —» sin(6,)
L dq
determination . Rotor flux |—> cos(8,)
o ref. frame [—> |\

Figure 4.10: Functional block of the implemented induction machine model.

4.3.3 Direct field oriented control hardware realization

For the direct field oriented controller (FOC) shown in Fig. 3.22, the three
phase currents, the rotor flux and the speeds of motor are as inputs. There are
the reference speed and the reference rotor flux in the system. By using the
PT controller, FOC generates the controlled signals v}, v; and v}. The FPGA
implementation of the entire control scheme and PI controller are shown in

Fig. 3.22 and Fig. 4.11 respectively. These control signals go to the STPWM.
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Table 4.4: Number format for the controller variable.

Variable | Format | input/output
1ds 19.13 mput
lgs 19.13 nput
sin(6,) 2.11 input
cos(6,) 2.11 input
| A 19.13 input
| Ar|* 19.13 input
Wy 19.13 input
wy 19.13 input
Ve 19.5 output
vg 19.5 output

The sample time for the controller is 62.5 us. Table 4.4 summarizes the number

format for the input and output variables.

The fraction and integer parts of results are around 5-bits and the 19-

bits, and are used in order to calculate the adequate accuracy for the output

voltages and currents.

The internal variables are more fractional bits than

inputs and outputs to get more precision results. They are implemented in the

Matlab/Simulink by using the Altera’s DSP toolbox. And then generated the

VHDL codes and integrated with other parts of the system.

Reference Multiplier
(Kp)
Subtractor Adder
Multiplier Adder Multiplier
Measured (To) (K)
Value I—> enable :‘
I l 3
4kHz clock signal x|>limit X
x>0
Output <= MUX Dj .Co.mparator
[ + Limit
- Limit

Figure 4.11: Implementation of PI controller.
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4.3.4 STPWM hardware realization

The schematic of STPWM hardware implementation is shown in Fig. 4.12. The
carrier frequency for the PWM is 8kHz (125 us) while the controller sampling
frequency is 16kHz (62.5 pus). As shown in Fig. 3.20, two synchronized triangle

*
a’

carriers are compared with the control signals (v¥, v, v}) to generate the
necessary switching signals.

Once the control signals values are sampled, they are transformed to the
3 phase system v}, v; and v:. The comparison with control signals and the
carriers waves can be seen in Fig. 4.12 and will generate the six gating signals
with respect to the two channels for each phase. The carrier waveforms are
generated at a resolution of 12.5ns in the FPGA with the 16-bit up-down
counters. The Sync signal is used to synchronize the carrier waveform to the
control waveform. The reset signal resets the counters at the top and bottom
limits of the carrier signal. The gating signals coming from the STPWM need
to include the dead-time. Each gating signal passes through the dead-time (2us
in this case) to avoid the DC short circuit and to reduce the IGBT stress and

generate its complementary signal. Therefore, the total of 12 gating signals are

obtained for three VSC legs.

4.3.5 FPGA hardware resources utilized for implemen-
tation

The FPGA logic resources utilized in Stratix and Stratix III devices for the
entire system models are shown in Table 4.5 and 4.6. We can notice that there
are five IGBT models with different usages of LEs and Memory bits. The
switching function (SF) model consumes the least LEs because it is a direct
function of the IGBT gating signals, whereas the nonlinear IGBT model is the
biggest usage of memory bits for storing the IGBT switching characteristics
in the ROM. The induction machine model uses more than half of the LEs of
the whole system. It was developed by using the Altera DSP blocks sets and
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Figure 4.12: Functional block diagram of the FPGA hardware realization for
3-level PWM.

consumes more LEs.

4.4 Results and Discussion

In this section, results are presented from the real time simulation and off-line

simulation of the 3-level VSC variable speed AC drive.

4.4.1 Off-line validation for real-time simulation

The off-line simulation, using these two well-known simulation programs, SABER
and SIMULINK, was carried out with an objective of validating the real-time
simulation of the variable speed AC drive. Fig. A.1 and Fig. A.2 show the
block diagrams of the off-line system implementation in MATLAB/Simulink
and SABER environment. A co-simulation environment was set up by inter-
facing, the 3-level converter and PWM modeled in SABER with the rest of the
system (machine and controller) modeled in MATLAB/SIMULINK. A non-
linear model of the IGBT1 and Diode was used in SABER to model the 3-level
VSC.
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Table 4.5: EP1S80 FPGA resources used by the system components

Component LEs | DSPs | PLLs | Memory bits
VSC (Ideal) 7616 8 0 0
VSC (Switching Function) | 6595 0 0 0
VSC (Average) 6745 8 0 0
VSC (Linear) 7979 0 0 0
VSC (Nonlinear) 7322 8 0 17920
Induction Machine 20529 136 0 0
Controller 5310 32 0 0
STPWM 235 0 0 0
Measurement System 72 8 0 0
D/A Interface 18 0 0 0
Total Usage

(linear model) 34143 176 1 17920

Table 4.6: EP3SL150 FPGA resources used by the system components

Component LEs | DSPs | PLLs | Memory bits
VSC (Ideal) 0 60 0 0
VSC (Switching Function) 0 0 0 0
VSC (Average) 0 60 0 0
VSC (Linear) 10790 0 0 0
VSC (Nonlinear) 0 60 0 17920
Induction Machine 12314 130 0 0
Controller 3095 69 0 0
STPWM 552 0 0 0
Measurement System 150 8 0 0
D/A Interface 255 0 0 0
Total Usage

(nonlinear model only) 26627 259 1 17920
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The equivalent model circuit of IGBT1 in SABER [25] is represented in the
Fig. 4.13. The three interelectrode capacitances (identical to the MOSFET
model) are accurately modeled to calculate switching waveforms and losses. C,
and C, are voltage dependent whereas Cy. is assumed constant. The current
source I,,,s is controlled by the collection-emitter and gate-emitter voltages.
A piece-wise linear diode is added in series with I,,,s to represent the V.,
threshold voltage above which the IGBT conducts. The other elements model

turn-off tail current. In addition to a comparative study of results from the two

Collector
Von
|
i
Cmiller Imos
Rg -
Gate AA A Cce Itail
|
|
Cge

Emitter

Figure 4.13: IGBT Equivalent model circuit of SABER.

programs the co-simulation in understanding the advantages and limitations
of both programs. Steady state and transient results are recorded and then
compared. The comparison reveals high degree of similarity among the results
obtained through both simulation environments with minor discrepancies. The

SABER simulation runs at 12.5ns while the interfaced MATLAB/SIMULINK

simulation runs at 10us.
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4.4.2 1GBT switching characteristics

The IGBT switching characteristics for the system level and device level models
are shown in Fig. 4.14 to Fig. 4.16. The characteristics for all system-level
models are the same except for the averaged model. As shown in Fig. 4.14(a)
and Fig. 4.14(b) for the switching function model, the IGBT transients only
include simple on and off without any time delays or nonlinear transients. It
can be clearly seen that there is no turn-on delay tg,,), or turn-off delay Z4.,s )
and there is a straight forward relationship with the gating signals.

For the linearized device-level IGBT model simulation, we can notice in
Fig. 4.15(a) and Fig. 4.15(b) that there are the turn-on tge,y and turn-off
delay t40ff), and the rise time ¢, and fall time ¢; of IGBT. In the Fig. 3.7 and
Fig. 3.8, we can compare with the measured characteristics of IGBT.

We can see the real-time simulation results of non-linear device-level models
on the oscilloscope in Fig. 4.16(a) and Fig. 4.16(b). Comparing these figures
with the measured characteristics in Fig. 3.7 and Fig. 3.8, we can see that they

are quite satisfactory.

4.4.3 Steady-state results

For steady-state analysis, the system has been simulated for a few seconds,
however, the results are shown for shorter periods due to the larger amount
of data as well as the clarity of the figures. There were some initial transients
which subsided very fast and the system reached steady-state thereafter.

Figs. 4.18 to 4.21 show the steady-state waveforms of the vg voltages and
the harmonics spectrum of the voltages at the inverter frequency of 60Hz. As
expected, all voltages are very similar in all cases and the differences only
appear in the averaged model. For the averaged model, the FFT calculation
result of switching frequency components is very small compared with other
models.

All figures show the output voltages of VSC after the induction machine
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Figure 4.14: Real-time simulation results for switching function IGBT model.
[Vee: 100 V/div., Vie: 20 V/div., I.: 5 A/div., time: 200 ns/div.]

reaches its steady-state with w} = 377rad/s. In these figures, it is possible to
observe that the typical 3-level voltages present in the converter phase voltage.
The FF'T calculated by the oscilloscope shows a fundamental frequency com-
ponent at f = 60Hz. Other significant components are the sidebands centered
at f. = 8kHz and f. = 16kHz, since the PWM frequency is equal to 8kHz. The
line voltage magnitudes for various IGBT models are given in Table 4.7.

A comparison of steady-state results from the real-time simulation and the
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Figure 4.15: Real-time simulation results of linearized device-level IGBT
model. [V.: 100 V/div., Vi.: 20 V/div., I.: 5 A/div., time: 200 ns/div.]

off-line simulation is shown in Fig. 4.22 and Fig. 4.23 respectively. These two
figures show the inverter line voltage, the machine line current, and the FFT
of the line voltage. Both sets of results are quite comparable.

For off-line simulation, the 3-level VSC bridge which was built by the
SABER nonlinear model of IGBTs and Diodes was used with a time step
of 10us. The higher sample time models for the motor and controller are simu-
lated with MATLAB/SIMULINK with a time step of 10us. Therefore, we can

see the current distortion in off-line simulation and jitter of the waveform. In
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Figure 4.16: Real-time simulation results of nonlinear device-level IGBT model.
[Vee: 100 V/div., Vie: 30 V/div., I.: 5 A/div., time: 200 ns/div.]

the real time simulation, the IGBTs are by non-linear characteristics and data
points are spaced at 12.5ns time-step for the VSC model represented. There-
fore, the line current is found to be quite smooth and sinusoidal due to this

reason as well as the high inductance of the machine.
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Figure 4.17: Output voltage waveform of 3-level VSC with ideal model for
IGBT. [vg: 500V /div., time: 5ms/div.]
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Figure 4.18: Output voltage waveform of 3-level VSC with switching function
model for IGBT. [vg: 500V /div., time: bms/div.]

4.4.4 Transient results

The system transient results are shown in Fig. 4.24 and Fig. 4.25 from the real
time simulation and the off-line simulation respectively. The transient results
are the same regardless of the IGBT models used in VSC because they are at

a system-level. These figures show

*

the machine speed w,, the speed reference w;,

and the currents 7, and ig

when the machine is subjected to the following transients:
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Figure 4.19: Output voltage waveform of 3-level VSC with averaged model for
IGBT. [vg: 500V /div., time: 5ms/div.]

Table 4.7: The line voltage magnitudes for various IGBT models

IGBT Vi(peak)V | 60Hz | 8kHz | 16kHz
Ideal 750 | 100% 16% 16%
Switching Function 750 | 100% | 17% 20%
Averaged 750 | 100% 5% 3%
Linear 750 | 100% 14% 16%
Nonlinear 750 | 100% | 12% 13%

1. the startup of machine with speed set-point of 150rad/s at t;,

2. the speed set-point variation to 377rad/s at t,,

3. the application of 100N.m load at t3 and removal of the load at t4, and
4. the speed reverse to —377rad/s at ts.

As can be observed from the machine torque and speed, the controller has a
stable and fast performance during the transients and no perturbation can be
seen in the speed during the application or removal of the load. As the machine
was modeled by ignoring the mechanical losses, and the machine resistances
are quite small, during the transients, the converter must supply or absorb the

power consumed or generated by the machine as a function of the controller
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Figure 4.20: Output voltage waveform of 3-level VSC with linearized device-
level model for IGBT. [vg: 500V /div., time: 5ms/div.]
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Figure 4.21: Output voltage waveform of 3-level VSC with nonlinear device-
level model for IGBT. [vg: 500V /div., time: 5ms/div.]

action. It is also possible to observe that the frequency variation of the currents

and voltages during the applied load, speed-up and speed reversal.

4.5 Summary

The chapter provided the details on hardware platform used for the FPGA im-
plementation. Subsequently, all of the individual component models of the vari-

able speed AC drive are implemented in digital hardware. Oscilloscope results
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Figure 4.22: Real-time simulation oscilloscope trace of steady-state line voltage
vqp and line current i, applied to the machine, and harmonic spectrum of v,.
[Scale: vgp: 350V /div., i,: 20A/div., Time: 5ms/div.]
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Figure 4.23: Off-line SABER/SIMULINK simulation results of steady-state
line voltage vy, and line current i, applied to the machine, and harmonic spec-
trum of v,p. [Scale: vg: 350V /div., i: 20A/div., Time: 5ms/div.]
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Figure 4.24: Real-time simulation oscilloscope trace of reference speed w;,
machine speed w, and currents i,, ig for: machine running at 150rad/s and
speed set-point variation to 377rad/s at t;, speed reversal to —377rad/s at
to, application and removal of load at t3 and t4, respectively. [Scale: w?, w,:
630rad/s/div., is, ig: 150A/div., Time: 1s/div.]
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Figure 4.25: Off-line SABER/SIMULINK simulation results of reference speed
wy, machine speed w, and currents i,, ig for: machine running at 150rad/s
and speed set-point variation to 377rad/s at t;, speed reversal to —377rad/s

at to, application and removal of load at t3 and t4, respectively. [Scale: w?, w,:
630rad/s/div., in, ig: 150A/div., Time: 1s/div.|
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are shown to prove the performance of the real-time simulator. Furthermore,
the discussion on FPGA logic resources gives an idea of the implementation
complexity and resource allocation for various models. Off-line results from a
SABER/SIMULINK co-simulation are provided side-by-side with the real-time

results for further validation.



Conclusions and Future Work

This thesis has presented a real time simulation of the variable speed AC drive
using the FPGA as the core computational engine. A summary of the major
contributions of this work is presented in the following. In the end, suggestions

for extending this research future are presented.

5.1 Contributions of This Work

The main contributions of this thesis are the following:

1. A detailed device-level nonlinear model of an IGBT based on per-unit
characteristics stored in the look-up table is proposed for developing the
voltage source converter model. This non-linear model can realistically
predict the IGBT switches losses in the device and reproduce the IGBT

switching characteristics.

2. The IGBT per-unit switching characteristics for the proposed nonlinear

model are derived based on experimental measurements.
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3. The implementation of the 3-level VSC model in real-time, was carried
out using 5 IGBT models: 3 system level models (ideal, switching func-
tion and averaged model), and 2 device-level models (linearized, and

nonlinear).

4. The complete variable speed AC drive has been implemented on the
Stratix and Stratix III FPGAs using VHDL. The system components
include the 3-level VSC, the induction machine, the direct field oriented
controller, and the pulse width modulator. The FPGA platforms were
interfaced to an external DAC board to display real-time results on the

oscilloscope.

5. The real-time results are validated using an off-line co-simulation setup
using the SABER and MATLAB/SIMULINK software. The SABER
software models the induction machine and the field oriented controller.

The off-line results match the real-time results quite well.

5.2 Suggestions for future work

1. A detailed device-level nonlinear behavioral model of the IGBT is sug-
gested for future research. The model will require the solution of IGBT

nonlinear equations using a solver such as Newton-Raphson.

2. A multi-level converter based on a behavioral nonlinear IGBT model
will be of great signification for accurate real-time simulation since it
would obviate the need to measure and store switching characteristics.

Of course, such a model would require larger FPGA resources.

3. A detailed machine model that would provide a better insight into in-
ternal machine variables rather than simply the external performance
indices is also suggested for future work. Such a model would help in the

efficient design and development of AC drive.
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4. A hardware platform that can exploit multiple FPGAs would enable

larger and more detailed drive systems to be implemented in real-time.
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Off-line cosimulation

A.1 SABER and Matlab/Simulink cosimula-
tion

e SABER Block diagram of Saber/Simulink Co-simulation.

e Simulink Block diagram of Saber/Simulink Co-simulation.
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Off-line cosimulation

Appendix A.
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FPGA Design Files

This appendix presents the FPGA design files for real-time simulation and
experimental control of the three-phase PWM VSC system. The FPGA used
is a EP1S80 and EP3SL150F1152C2 devices from ALTERA. The design has
been carried out using the QUARTUS 9.0 graphic design software. The list of
the graphic design files (.gdf) and a brief description of each file is given below.

B.1 Real-Time Digital Simulator and Controller
e fpga.gdf : Top Design File.
e VSC.gdf : Voltage Source Converter.
e control.gdf : FOC control file 1.
e controll.gdf : FOC control file 2.
e concontrol2.gdf : FOC control file 3.
e concontrol3.gdf : FOC control file 4.
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e controld.gdf : FOC control file 5.

e cpwm.gdf : carrier pulse wave modulation.
o /GBT1.g9df :
o [GBT2.gqdf :
e /[GBT3.qdf :
o [GBT4.qdf :

o IGBT5.gdf :

Voltage Source Converter.
FOC control file 1.
FOC control file 2.
FOC control file 3.

FOC control file 4.

e measure.gdf : FOC control file 5.

e motor.gdf : motor file.
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Figure B.5: control2.gdf.
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Figure B.9: igbhtlnl.gdf.
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Figure B.10: igbt2.gdf.
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FPGA Design Files 1

C.1 Motor and PWM

e motor.gdf : motor file.

pwml.gdf : FOC control file 1.

pwm?2.gdf : FOC control file 2.

IGBT4.gdf : FOC control file 3.

IGBT5.gdf : FOC control file 4.

measure.gdf : FOC control file 5.
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Figure C.1: pwml.gdf.
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C.2: pwm2.gdf.

Figure
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Figure C.6: ref.gdf.
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Figure C.7: VSC1.gdf.
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Figure C.9: Interfacel.gdf.



Appendiz C. FPGA Design Files 11

139

Figure C.10: Interfacela.gdf.
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Figure C.11: Interface2.gdf.





