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Abstract

This thesis considers the use of a full-scale back-to-back pulse width modulated
current source converter (BTB-PWM-CSC) as an interfacing converter for a
variable-speed wind energy conversion system (WECS) that uses a permanent
magnet synchronous generator (PMSG). It has been shown that the proposed current
source converter based WECS can operate successfully under maximum power point
tracking and meet all grid requirements such as ac fault ride-through and power
quality aspects at the point of common coupling. This thesis presents three different

CSC based WECSs.

The first WECS is based on a back-to-back dual pulse width modulated current
source converter (BTB-DPWM-CSC) as an interface for a dual three-phase PMSG,
with two stator windings, shifted by 30°. Both the generator and grid side dual PWM
rectifier and inverters (CSR and CSI) of the WECS are controlled using selective
harmonic elimination (SHE) for low semiconductor loss operation. The grid side CSI
is connected to the ac grid through a three-winding phase-shift transformer to benefit
from cancellation of the low-order harmonics in the primary winding, which is
connected to the ac grid side. The secondary and tertiary windings, which are
connected to the upper and lower halves of the dual PWM-CSI, are delta and wye
connected; thus, SHE is only needed to eliminate the 11™ and 13™ harmonics. The
SHE modulation employed to control both the dual PWM-CSR and CSI has one
unique pattern, which is characterised by continuous pulse angle changes and a fixed
switching frequency over the full modulation index range. These attributes show that

the proposed BTB-DPWM-CSC WECS is suited for multi-megawatt applications.

The second and third WECSs are based on modified three-phase and dual three-
phase BTB-PWM-CSCs. These configurations are developed to address the main
drawbacks of the conventional CSC employed in the first proposal, such as transient
over-voltages experienced by the converter switches during commutation and
semiconductor loss reduction. The latter is achieved by using a dedicated high
frequency synchronization method that ensures zero current switching at the CSI

terminal; thus, nearly zero switching loss is achieved. The proposed WECSs offer the
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following additional advantages: reduced power circuit and control complexity;
reduced switching frequency; applicable to fixed and variable frequency operation,
hence, allowing maximum power point tracking with independent control of active

and reactive powers delivered to the ac grid; and low-voltage ride-through capability.

Viability of the proposed WECSs are assessed using simulations performed in
PSCAD/EMTDC and confirmed experimental, with results from scaled down
prototypes, assessed in steady-state and dynamically under different operating
conditions. It is shown that continuous and discontinuous operation of the second and
third configurations provide trade-offs between overall weight and size of the WECS

and high current and voltage stresses in the semiconductor switches.

III



91 > 62r 63

iiar iibr iic
icar icb ’ icc
iLdr iLq

iLar iLbr iLC
i.sd’ isq

Ly

LD.'
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selective harmonics elimination angles (°)

supply frequency (rad/s)
base frequency (rad/s)

electrical rotating speed of the generator (rad/s)

mechanical angular speed (rad/s)

optimal wind turbine rotational speed (rad/s)

phase angle of CSI output current

duty cycle
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magnetization flux
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power coefficient
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dc-link inductance current (A)
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current source inverter input current (A)

CSI output currents (A)
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mutual-inductance (H)

constant amplitude self-inductance of the Q-damper winding (H)
represent the stator self and mutual inductance (H)

represent the stator and rotor mutual inductances (H)

length of the equivalent magnetic path (m)

mutual inductance amplitude between armature and D-damper windings (H)
mutual inductance between armature winding and field winding (H)
inductance amplitude between armature winding and Q-damper winding (H)
modulation index

d-q components of the modulation index

transformer turns ratio

grid delivered active power (W)

grid active power reference (W)
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D-damper winding resistance (Q)
field winding resistance (Q)

load resistance (Q)

O-damper winding resistance (Q)
stator winding resistance (Q)
represent the CSI switch state

rectifier side switch

switching period (s)

electromagnetic torque (Nm)

mechanical torque (Nm)

time in seconds (s)

dwell time of the switch within each switching cycle (s)
off time of the switch within each switching cycle (s)
grid reactive power (VAr)

grid reactive power reference (VAr)

wind speed (m/s)

dc output voltage(V)

CSI input terminal voltage(V)

peak phase voltage (V)

peak values of the carrier waves (V)

three-phase load voltage (V)

dgq components of the terminal voltages (V)

dq components of the supply voltage (V)
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Chapter 1. Introduction

The rapid increase in the demand for electrical power in recent years is an indicator
of civilization, as the world’s population continues to migrate from villages to cities,
creating so called megacities. Fossil fuels, coal, natural gas and liquid fuel are main
sources of electrical energy; however, these energy sources are not renewable and
will eventually be exhausted. Additionally, these energy sources are considered to be
the major contributor to global warming and environmental degradation. Although
nuclear power is reliable and economically competitive for electricity generation, it
has national security and long term environmental concerns, exacerbated by events
like the Fukushima nuclear disaster in Japan, 2011. In response to these concerns,
renewable energy such as: wind energy, solar energy and hydraulic energy have
become more attractive, and as evidence, countries such as Germany have abandoned
nuclear energy in favour of renewable energy. Wind energy is a clean sustainable
energy source, and today it is one of the most rapidly growing renewable energy

source being exploited for electricity generation [1, 2].

Power electronics plays an important role in a wind energy conversion system
(WECS), and has been used intensively in fixed-speed and variable-speed WECS. In
these applications, power converters are used to match the wind turbine
characteristics to the grid connection requirements (frequency, voltage, control of

active and reactive power, harmonics, and so on) [3-6].
1.1. Background and development of wind energy

Wind energy is the kinetic energy associated with the movement of atmospheric air.
Its utilization can be dated back to 5000 BC when sail boats were propelled across
the river Nile. Also, it is recorded that wind mills have converted kinetic energy into
mechanical energy since 200 BC, when pumping water, grinding grain, and drive

vehicles and ships in ancient China and the Middle East [7, §].

At the beginning of the twentieth century, the first wind turbines for electricity

generation were developed, but fossil fuel steam turbines used for electricity



generation spread and gained all the interest, because they can provide a more
consistent power source than the wind turbine. In 1973, due to the oil crisis, wind
energy started to gain popularity in electricity generation, and it provided a reliable
power source by using the electrical grid as a back-up. By the end of the 1990s, wind

energy emerged as an important sustainable energy resource [8, 9].

1.1.1 Wind energy environmental impact and development

Due to excessive burning of limited fossil fuels like oil, coal and natural gas, global
warming has become a threat to every individual. Carbon dioxide (CO,) gas
emissions need to be reduced to preserve air quality. The Kyoto protocol
implemented on February 16" 2005 was adopted by most countries. As a result,
utilization of renewable energy resources, such as solar, geothermal, and wind
energy appear to be the most effective ways in achieving the targets set in Kyoto and
subsequent protocols. Wind generation attracts more attention than other clean
energy sources and is perceived to have the lowest environmental impact of all

energy sources [7, 9-12]:

e [t occupies less land area per kilowatt-hour of electricity generation than any
other energy conversion system, apart from roof-top solar energy.

e [t generates the energy used in its construction in 3 months of operation, yet
its operational lifetime is 20-25 years.

e It has zero fuel cost, zero emissions and zero water use.

e There has been fast growth in wind turbines, power electronics, and control
techniques.

e Modern wind turbines are almost silent and rotate so slowly that they are

rarely a hazard to birds.

In 1980, wind turbines were rated at a few kWs per unit; today there are multi-MW
wind turbines. Figure 1.1 shows the evolution of wind turbine size and rated power

between 1980 and 2018 (expected) [13, 14].
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Figure 1.1 Evolution of wind turbine size and power electronics from 1980 to 2018 expected [13].

In 2008 the annual growth rates of cumulative wind power capacity have averaged
21.4%; the global wind power installed is over 318GW and in 2013 only 35GW wind
power was installed, a 10GW decrease on that installed in 2012; due to a drop in the
US market. Figure 1.2 shows the annual global growth of installed wind power. The
largest wind energy market is Asia, which add 52% capacity per year, followed by
Europe with about 32%. Figure 1.3 shows the top ten countries usage wind energy
and the added capacity in 2013, where China is the market leader, followed by
Germany and then the United Kingdom [7, 15]. From Figures 1.2 and Figure 1.3,
wind power continues to grow and can be consider as a basic in a modern electrical
energy systems. In Denmark, > 30% of the total electrical power consumption comes
from wind power, and it is planned to achieve 100% non-fossil-based power

generation system by 2050 [16].
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Figure 1.3 Total wind power capacity and added capacity 2013, of the top ten countries [7].
1.1.2  Wind Energy Conversion System main components
Wind turbines capture power from the wind by means of turbine blades which
convert it to mechanical power. It is important to be able to control and limit the
converted mechanical power during higher wind speeds (using stall control, active

stall, and pitch control). A gear box is used to convert the low turbine speed to a high



speed for the generator to convert the mechanical power to electrical power. With a
multi-pole large-diameter generator the gearbox may not be necessary. The generated
electrical power passes through power electronic converters and a transformer with

circuit breakers, before being fed into the grid [3].

1.1.3 Wind turbine classification according to the orientation axis

Wind turbines can classified into two groups according to orientation; horizontal axis
wind turbines (HAWTs) and vertical axis wind turbines (VAWTs) [17, 18]. VAWTs
have the following advantages over HAWTs: 1-low starting wind speed. 2-
Independence with respect to the wind direction (without yaw controller). 3- Lower
noise [19, 20]. The main drawbacks of VAWTs are: 1- Not self-starting. 2- Difficulty
to embed into the design a stall mechanism at high wind speed to prevent over
speeding, which will cause excessive power and overvoltage if a permanent magnet
synchronous generator (PMSG) is used. 3- The aerodynamic torque has a series of
oscillatory components [19, 21]. These drawbacks limit the use of VAWTs in MW
WECS. HAWTs are commonly used for MW WECS and are assumed in this

research.
1.2. Wind turbine generator
The generator in a WECS can be categorized into four main types [14, 22]:

1. Fixed-speed squirrel-cage induction generator (SCIG).

2. Limited-variable-speed wounded rotor induction generator (WRIG).

3. Variable-speed doubly fed induction generator (DFIG) with partial scale
converter.

4. Variable-speed synchronous generator (SG).

1.2.1 Fixed-speed SCIG conversion concept

This is the conventional concept applied by many Danish wind turbine manufacturers
during the 1980s and 1990s, with a multistage gear box placed between the turbine’s
hub and the generator shaft, while the generator stator is grid connected through a
coupling transformer. The SCIG takes reactive power from the grid, and generates
real power via slip control when driven above synchronous speed. This generation

concept is robust, cheap, and easily controlled and can provide stable frequency



control due to fixed speed operation. The main drawbacks can summarized in the

following points [23, 24]:

e SCIG operates in a narrow range around synchronous speed, such as a speed
higher than synchronous speed.

e Since the SCIG consumes grid reactive power, there is a large inrush current
and voltage drop at the time of connection. To overcome this, a reactive
power compensator is needed to reduce the SCIG reactive power demand.

e The fixed speed concept means that wind speed fluctuations are directly
translated into electromechanical torque variations. These cause high
mechanical and fatigue stresses on the system, and result in swing oscillations

between the turbine and generator shaft.

1.2.2 Limited-variable-speed WRIG conversion concept

The limited variable speed concept uses a multiple-stage gearbox and WRIG, The
WRIG stator is directly connected to the grid, where the rotor winding is connected
in series with a controlled resistor bank. Variable speed operation is achieved by
adjusting the energy extracted from the WRIG rotor. Since power is dissipated in the
external resistor, this limits the speed range to less than 10% above synchronous
speed, because increasing the variable speed range with higher slip means a high
power extracted by the rotor, and a lower generator efficiency, which means a higher
resistor rating. Such WECS require reactive power compensation and soft start, and
due to using a multi-stage gearbox, the converter system cost increases and extra

gearbox maintenance is required [23, 25].

1.2.3 Variable-speed DFIG conversion concept

The DFIG conversion concept consists of a variable speed wind turbine with a
WRIG, where the WRIG stator is directly connected to the grid, and the rotor is
connected to a partial-scale power electronic converter. The power converter controls
the rotor frequency, thus the rotor speed. This concept extends the operating speed
range to £30% around the synchronous speed, with the power electronic converter
rated at 25~30% of the generator capacity. Also the power electronics converter
system can perform a reactive power compensation and smooth grid connection.

However, its main drawbacks are the use of slip-rings and grid fault protection. It



requires a crow-bar in the rotor circuit during faults and uses a multi-stage gearbox

[26-28].

1.2.4 Variable-speed synchronous generator

In the variable-speed concept, the generator is connected to the grid through a full-
scale back-to-back (BTB) power electronics converter. The power electronics
converter performs reactive power compensation and a smooth grid connection over
the entire speed range. However, it has high power loss in the power electronics
converter and is more expensive than DFIG that uses a partial-scale converter. The

generator in a direct-drive WECS is connected directly to the turbine hub [29].
Types of SG for the variable-speed concept with a full-scale converter are:

1. Electrically excited synchronous generator (EESG): the EESG has two
windings -a field winding on the rotor for dc excitation and a three-phase
armature winding in the stator. The field winding is connected to an external
dc source or to the ac grid through a ac/dc converter to provide the required
field current. The stator winding delivers power to the grid through a full-
scale BTB converter. The rotor converter controls the flux to minimised loss
in different power ranges. But the EESG is heavy, expensive and contains
more parts, due the rotor and stator winding, and a high number of poles. The
slip rings and brushes in rotor winding must be maintained. To overcome the
slip rings and brushes problem the brushless exciter is used. Where a small
ac generator whose field circuits are mounted on the stator and armature
circuits are mounted on the rotor shaft. This generator gives three-phase
output and a three-phase rectifier (mounted on the shaft) is used to get dc
field circuit, and it is possible to adjust the field current on the main machine
by controlling the dc field current of the exciter generator [30, 31].

2. Permanent magnet synchronous generator (PMSG): the use of permanent
magnets (PM) is attractive, because performance is improved and PM costs
are decreasing. Using a PM instead of a wound rotor increases efficiency,
reduces generator weight and increases reliability due to the absence of slip

rings and brushes. However, PM machines have some disadvantages such as



high cost of the PM material, difficulties to handle in manufacture, and PM
demagnetisation at high temperature [23, 32].

Drivetrain technology for variable-speed synchronous generator based WECS:

1.

Direct drive (DD) drive-train (overall ratio 1:1): The advantages of direct-
drive wind turbines are simplified drive train, higher overall efficiency, and
higher power to weight ratio, and high reliability and availability by
removing the gearbox. But generator size and cost is high.

Medium speed drive-train (overall ratio 10:1 to 40:1): The wind turbine is
connected to a single-stage gearbox that increases the speed; the generator
rated speed varies from 150 to 400 rpm. This tends to decrease the number of

generator poles (reduced weight and cost)[23, 33].

. High speed drive-train (overall ratio 100:1 or more): Replacing the DFIG

with a variable-speed multiple-stage gearbox WECS, increases efficiency
with a brushless generator and improves performance in case of grid fault
ride. The disadvantages are: PMSG is larger and requires a more expensive

full-scale converter [23].

1.3. Comparison of different wind generator systems

Table 1.1 compares five different generation systems for the same wind turbine [23],

from which the following conclusions can be drawn.

The generator in the direct-drive concept has the largest size and weight and
the three-stage gearbox DFIG has the lowest size and weight, but the total
weight of WECS will not be significantly different, when considering the
weight of the other parts of the wind turbine blade and three-stage gearbox.
The direct-drive PMSG concept has the highest energy yield; while the EESG
direct drive is the heaviest and most expensive solution.

The single-stage gearbox DFIG has the highest annual energy yield divided

by cost and the lowest generator system cost.

Due to the attributes previously highlighted, this thesis subsequently considers only

the variable speed single-stage geared concept due to its lower generator size and



weight compared to the direct-drive variable speed concept. It also overcomes the
disadvantage of using a complex multistage gearbox. The single-stage PMSG has a
full operating speed, unlike the DFIG, which operates at + 30% around synchronous
speed. In addition, the full-rated power converter decouples the wind turbine and
generator from the grid, giving better generator and wind turbine system

performance during grid faults [22].

Table 1.1Comparison of five different wind generator systems[23].

DFIG three-stage EESG direct- PMSG direct- PMSG DFIG
gearbox drive drive single-stage single-stage
gearbox gearbox
Stator  air-gap 0.84 5 5 3.6 3.6
diameter (m)
Stack length(m) 0.75 1.2 1.2 0.4 0.6
Active material weight (tonne)
Iron 4.03 32.5 18.1 437 8.65
Copper 1.21 12.6 4.3 1.33 2.72
PM 1.7 0.41
Total weight 5.25 45.1 24.1 6.11 11.37
Cost (kEuro)
Generator active 30 287 162 43 67
materials
Generator 30 160 150 50 60
construction
Gearbox 220 --- --- 120 120
Converter 40 120 120 120 40
Other wind 1300 1300 1300 1300 1300
turbine parts
Margin for 250 250 250 250 250
company cost
Total cost 1870 2117 1982 1883 1837
Annual energy 7690 7740 7890 7700 7760
yield (MW h)
Annual  energy 4.11 3.67 3.98 4.09 4.22
yield/total cost,
(kWh/Euro)

1.4. Reliability and condition monitoring of WECS

To make wind power competitive with other energy sources, availability, reliability
and turbine life need to be improved. Since some WECS components fail earlier than
expected, condition monitoring systems are employed to ensure reliability and to
recover from breakdowns. In condition monitoring systems, sensors (such as for
vibration, acoustics, oil quality, strain and thermography) and signal processing are
used to monitor the status of critical components such as the blades, gearbox,
generator, main bearings and the tower. With data acquisition, early warnings of
mechanical and electrical faults can be detected, while components are still
operating, and appropriate maintenance action can be taken to avoid catastrophic

failures. Thus, increasing reliability, availability, and maintenance and operational



cost reduction, are required [34, 35].The condition monitoring system is important
for both of onshore and offshore wind turbines, where bad weather conditions
(storms, high tides, etc.) can prevent repair action for several weeks in an offshore
situation[36]. Swedish wind power plant studies between 2000 and 2004, show that
the electrical components have the highest failure percentage (17.5 %), followed by
sensors (14.1%) and blades/pitch components (13.4%). In variable speed WECS the
power electronics converter can reduce the mechanical stress in the drive train and
this improve reliability in this part of the wind turbine [37]. But the power electronics
converter has the highest failure rate in the variable-speed WECS electrical
component, this due to failure in power electronics switches, cable and contacts
losses caused by vibration, and capacitors failure. Failure in the power electronics
converter can cause a fire in the wind turbines. This makes it more important to

monitor the electrical components [38].
1.5. WECS grid code requirements

As wind power connected to the power system continues to increase, transmission
system operators have become concerned about the impact of high levels of wind
power generation on power systems, and have issued grid codes. The technical grid
code requirements for wind turbine connection and operation can be broadly

summarized into five areas [39]:

1) Fault ride-through requirements.

2) Active and reactive power responses following disturbances.
3) Extended variation range for the voltage—frequency.

4) Active power control or frequency regulation support.

5) Reactive power control or voltage regulation capability.

1.5.1 Fault ride-through requirements

During grid faults, a WECS is exposed to a voltage sag condition at its terminals
depending on the fault type and location. Grid codes require a WECS to remain
connected to the grid and supply reactive power for a given voltage dips profile.

Such requirements are usually referred to as low voltage ride through (LVRT).
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Among the LVRT standards, the most representative is by the German company
E.ON, as shown in Figure 1.4 [40, 41]. From Figure 1.4(a), the voltage limit curve
consists of three regions. Area A represents normal operation. Area B represents
when the WECS should supply reactive power to the grid in order to support grid
restoration, until protection devices detect the faulty area and isolate it from the rest
of the network, or the grid fault continues until it reaches Area C. In Area C, the
WECS can disconnect. The reactive current compensation curve in the presence of
voltage-dips is shown in Figure 1.4(b) where the WECS has to supply at least 1.0
p.u. reactive current when the voltage falls below 50%. A dead band of 10% is

introduced to avoid undesirable control action.
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Figure 1.4 Grid code LVRT requirements [38].

1.5.2 Frequency control

Grid codes specify that all generating plant should be able to operate continuously
between a frequency range around the nominal grid frequency, usually between 49.5
and 50.5 Hz in Europe, and operate for different time periods with lower/higher
frequencies to a minimum/maximum limit; usually 47-47.5 and 52 Hz. Beyond these
limits disconnection without any time delay is required. The frequency is measured
in a wind farm point of common coupling. The wind farm will produce more or less
active power in order to compensate for frequency behaviour, as shown in Figure
1.5, where when the grid frequency exceeds rated value, the WECS decrease their
output at a given rate. During nominal frequency, the power output is below the
maximum, so if the frequency starts to drop, the wind farm would increase the power
output to the maximum achievable power, whilst trying to sustain the frequency [42-

44].
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The frequency control participation is varies with transmission system
characteristics. According to the German code, when the frequency exceeds 50.2 Hz,
wind farms must reduce their active power with a 0.4 pu/Hz gradient. The British
code requires that wind farms larger than 50 MW have a frequency control device
capable of supplying primary and secondary frequency control, as well as over-
frequency control. It also prescribes tests, which validate that wind farms indeed

have the capability of the demanded frequency response [44].

110
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active power output (%

of available active power)

48 49 50 51 52
f (Hz)

Figure 1.5 Power-frequency response curve [44].
1.5.3 Reactive power control and voltage regulation capability
The Grid Code requires that wind farms should have reactive power control
capability, to regulate the voltage at the point of common coupling by producing or
absorbing reactive power (capacitive/inductive power factor) to the grid in order to
compensate for the voltage deviation on the grid at the point of common coupling, as

shown in Figure 1.6 [44].
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1.5.4 Active power constraints
Grid codes requires regulation capability of the active power of wind farms, where
the system operator can provide short and long term frequency supports to the

network [39, 43-45].

1. Absolute power control
In this type of power control the power output is regulated to a specific value or to
bear a fixed relationship to the available power, even if more power can be extracted
from the wind. Below this limit the wind farm can extract the maximum available
power as shown in Figure 1.7(a). The absolute power controller is used when

demand is low and wind power high.

ii. Delta production constraint
The wind farm is ordered to operate with a certain constant below the available
power production capacity as shown in Figure 1.7(b). Thereby the wind farm can be
used for the frequency control action previously described. This may also help
reduce sudden changes in the output active power, which can potentially disturb

network stability due to high variation in wind speed.

1il. Balance Regulation
The wind farm must be able to reduce/increase its active power delivered to the grid
as shown in Figure 1.7(d). This is helpful for balancing the production and

consumption of active power in the grid.
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v. Power gradient constraint
Power gradient sets how fast the wind farm power production can increase or
decrease power output. The power increase/decrease gradient is slower than that of
wind turbines. Such a limiter helps maintain production balance between wind farms

and conventional power plants.
1.6. Research motivation

During the last decade, wind turbine-generator power ratings have increased from
several hundreds of kW to multi-MW, with variable-speed wind energy conversion
systems increasingly utilized to maximize the kilowatt-hour production of wind
farms. Much research has been focused on power converter applications in variable-

speed WECS. The primary tasks of these converters are [46]:

e Allow maximum power extraction from the wind turbine over a wide wind
speed range

e Provide constant grid voltage and frequency, and inject a sinusoidal current
into the grid with low harmonic content

e Supply grid reactive power on demand

e Meet wind energy grid codes and standards

Thus, the issue of reliable and efficient of power electronic converters is the main

concern for manufacturers, researchers, and users, when operating WECS.
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Figure 1.7 Typical active power control [39].

1.7. Objectives

This thesis focuses on current source based power electronics converter topologies,
which have interesting properties and are suitable for variable-speed WECS

applications. In line with this, the thesis objectives can be summarized as follows:

e Understanding current source converter (CSC) properties that are suited for
WECS. To developed such understanding, CSC modulation strategies and
performance of the current source inverter (CSI) and current source rectifier
(CSR) are studied, including dual three-phase CSR and CSI, for medium
power applications.

e For reduced power circuit and control complexity and cost, new ac-dc buck-
boost converters are proposed for wind generator interfacing rather than

traditional six-pulse or neutral-point clamped converters.
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Integrating the proposed ac-dc buck-boost converters with conventional CSI,
to form a modified CSC based back-to-back (BTB) converter. This current
type BTB converter offers the attributes of the existing voltage source
converter BTB systems, but with improved system reliability.

Three different variable-speed current source based WECS configurations are
proposed:

1) The first proposal utilizes a dual three-phase PMSG with a BTB dual
current CSR and CSI. This configuration fulfils the requirements for
multi-MW turbine-generators such as low switching frequency and
high quality ac side waveforms.

2) The second and third WECSs employ variant versions of the modified
BTB CSC, with the second configuration suitable for fractional MW
application and the third suitable for multi-MW application.

The three proposed WECSs are analysed, simulated and assessed on scaled down

prototypes for proof of concept. Simulation and experimental results substantiate the

proposed WECS as competitive to voltage source converter systems, which are

widely used and accepted by the industry.

1.8. Structure of the thesis

The thesis consists of eight chapters.

Chapter 1: Introduces this thesis, and includes a background, development of
wind energy, classification of wind turbine generators, and wind energy grid
code requirements.

Chapter 2: Discusses modulation strategies for the two level voltage source
converters (VSC) and CSC. Also the VSC and CSC are compared.

Chapter 3: Analysis and simulation of the CSI and CSR, including CSI
islanding operation. Also, different CSI and CSR control strategies are
discussed; including independent control of active and reactive powers, low
ac current total harmonic distortion (THD), reliable CSR dc load voltage, and
fast adjustable CSI ac load voltage in islanded mode. The dual-bridge CSR

and CSI are also discussed, including their controller architectures.
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Chapter 4: Presents a comprehensive discussion of several versions of the
proposed ac-dc buck-boost converters and highlights their main features such
as buck-boost capability in a single stage with a single switch; reduced power
circuit and control complexity, stable dc voltage output in both buck and
boost modes; and sinusoidal input current with near unity power factor.
Single-phase, three-phase and multi-phase buck-boost converters variations
are presented, including their control.

Chapter 5: The modified CSC based BTB converter is proposed (three-phase
and dual three-phase). Its main features are reduced power circuit and control
complexity, and sinusoidal ac currents with high power factor achieved at
both ac sides at reduced switching frequency. The basic relationships that
govern steady-state converter operation are established, and filter design is
included. PSCAD/EMTDC simulations and experimentation demonstrate the
practicality of the proposed power conversion system, and results show that
the converter has good dynamic performance, with near unity input power
factor over an extended operating range.

Chapter 6: Discusses modelling of the three-phase synchronous machine and
the dual three-phase PMSG in the dq0 reference frame. These models are
subsequently used to simulate the proposed wind energy conversion system
in PSCAD/EMTDC modelling tools.

Chapter 7: Three proposed variable speed WECS based on the converters
discussed in previous chapters are described, simulated and experimentally
evaluated.

Chapter 8: Presents general conclusions and recommendations for future

research.
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Chapter 2 Power Electronic Converters

This chapter discusses the switching techniques used to generate the gating signals
for the two-level voltage source converters (VSC), and current source converters
(CSC). The well-known modulation techniques for the two-level VSC are: sinusoidal
pulse width modulation (SPWM), space vector modulation (SVM), and selective
harmonics elimination (SHE). A mapping technique to make SPWM signals suitable
for the CSC is presented, as are SVM and the proposed SHE. A comparison between
the VSC and CSC is presented at the end of the chapter, to support the direction of

the proposed research on using CSC in wind energy conversion system application.

2.1 Power electronic converters

The voltage source converter (VSC) and current source converter (CSC) are two
topologies used in many power conversion systems, such as: motor drives,
fixed/variable frequency power supplies, uninterruptible power supplies, distributed

generation and renewable energy [1].

The dc to ac converter is termed an inverter, and can be classified into a voltage
source inverter (VSI) or a current source inverter (CSI). Figure 2.1(a) shows a two-
level VSI, which consists of six unidirectional switches (S; to Se¢) with anti-parallel
diodes (D, to Dg), where the ac-side inductance filter is used to smooth the current
ripple and to absorb the rapid voltage change (dv/dt). The VSI has a dc voltage
supply and a capacitor at the inverter dc input. The VSI is a voltage step-down
converter, which means that the peak line-to-line output voltage is less than the dc
link voltage. Figure 2.1(b) shows a six-pulse CSI which is also a boost inverter [2]. It
consists of six unidirectional switches with series connected diodes, to provide the
reverse blocking capability of the inverter. Insulated Gate Bipolar Transistor (IGBT)
packages dedicated for the VSI have built in anti-parallel diodes. The CSI requires a
dc current source, which can be derived from a dc voltage source connected in series
with a large dc-link inductor. The ac-side capacitance filter is used to smooth the

output voltage ripple and to absorb the rapid current change (di/dt) [2-5].
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Traditionally, a device that converts ac voltage to dc voltage is called a rectifier.
Rectifiers can be referred to as: a voltage source rectifier (VSR) or a current source
rectifier (CSR). A VSR is shown in Figure 2.1(c) where a three-phase ac-side
inductive filter is used to suppress the line current ripple and bulky dc-side
capacitance smooth the output voltage. The VSR 1is a boost type converter such that
the output dc voltage is higher than the peak line-to-line supply voltage [6, 7]. The
CSR is a buck type rectifier since the output voltage is less than the supply peak line-
to-line voltage. The CSR requires an input LC filters and output inductance as shown

in Figure 2.1(d) [8].
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Figure 2.1 Convention voltage source and current source converters

2.2 Voltage source converters

This section focuses on pulse width modulation (PWM) schemes for the VSI. A
carrier-based sinusoidal PWM (SPWM) scheme is reviewed, followed by space

vector modulation (SVM) algorithms.
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2.2.1 Sinusoidal PWM Switching

The SPWM scheme compares a high frequency triangular carrier wave (v¢;) against
three-phase sinusoidal modulating waveforms references (Via, Vmp, and vyc) as
illustrated in Figure 2.2. The three-phase sinusoidal references represents the

frequency and magnitude desired for the inverter output [9].

m=tn (2.1)

Where vy, and v, are the peak values of the modulating signal and carrier waves (v,
is equivalent to half the dc source), respectively. The amplitude modulation index m
is usually adjusted by varying v, while keeping v, fixed, to control the rms value of

the inverter output line-to-line voltage [10, 11].

The operation of switches (S to Se) is determined by comparing the modulating
waves with the carrier wave. For phase ‘a’ (S and Ss), when vi,a> ver, the upper
switch §; in the inverter is turned on (g;=1). The lower switch S; operates in a
complementary manner and thus is switched off (g4=0), and vice versa when v;,,< v;.
To avoid dc link short circuit during switching transitions of the upper and lower
devices in an inverter leg, a dead time period is implemented, during which both
switches are off [9]. Then (g; to gu4) represents the gate signals of the voltage source

converter leg.
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Figure 2.2 Sinusoidal pulse-width modulation (SPWM).
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2.2.2 Space vector modulation algorithms

SVM is a common PWM technique applied to the inverter because of its superior
harmonics and extended linear operating range. It has two features better than normal

SPWM [12]:

e SVM provides a 15.5% higher fundamental amplitude than SPWM, which
enables full utilisation of dc-link voltage (The modulating single of the third
harmonics injection PWM (THIPWM) have also 15.5% higher fundamental
amplitude [13, 14]).

e The number of switching operations is about 30% less, at the same carrier

frequency.

SVM treats the inverter as a unified unit, which is mapped into eight states, The
inverter states shown in Figure 2.1(a) can be represented by binary values, for
example if S} is on (S;=1) and if S is off (5,=0), the pairs S| & Si, S5 & S and S5 &
S, are complementary. This means the inverter has eight possible switch
combinations, two giving a zero output (¥ & V) and six non-zero vectors (V] to Vs),
as shown on the hexagon in Figure 2.3. The angle between two adjacent non-zero
vectors is 60 degrees. The two zero vectors at the centre of the hexagon, apply zero
voltage to the load by conducting all the top or bottom switches (shorting the
connected load) [15].
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Figure 2.3 The basic switching vectors

Steps of implementing the space vector include:

1. Determine vq, Vp, Vref and angle O
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2. Determine the dwell times 77, 75 and T

3. Determine the switching states of (S; to Sg)

Step 1-Determine V,, Vg, Vier and angle O

The instantaneous three-phase output voltage of the inverter (vac) can be transformed
into a two-phase vector represented (v, vg) by using an orthogonal linear

transformation, called (ap0) transformation, given by [16, 17].

, I
a(t) a(t)
BB
o |=3[0 5 | e 22)
0 v Yo Yo (Yo
Vref :leozl “rVé (2.3)
6 =tan™" [V—“] =t (2.4)
VB

Step 2- Determine the time periods 7, T>and Ty

The switching time at any sector can be defined as [15, 18]:

T :mTSsin(gzr—e) (2.5)

Ty =mT, sin(@—nT_lzr) (2.6)

Where T is the sampling time, O is the angle displacement between the reference

vector ver, and the a axis of the space vector plane, and m is the modulation index
V3|Vrerl

m = 75

After T and T, are calculated, the residual sampling time is assigned to a zero vector

with the condition 7+715<T, and:

Ty=T:~T~T 2.7)

Step 3-Determine the switching states of (S to Sg)

The switching states can be summarized as shown in Figure 2. 4 [15, 18].
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Figure 2. 4 SVM switching patterns for each sector.

2.2.3 Selective harmonic elimination (SHE)

SHE is an offline modulation scheme that eliminates a number of unwanted low-
order harmonics in the inverter PWM output voltage. SHE based methods can
theoretically provide the highest quality output among all the PWM methods. SHE
offers several advantages compared to traditional modulation methods such as
acceptable performance with low switching frequency to fundamental frequency
ratios and direct control over output waveform harmonics. Figure 2.5 shows the

inverter output voltage with nine pulses per half-cycle, with symmetrical switching

TC . . .
angles around 2 .The normalized voltage vy can be expressed as a Fourier series by

[19, 20]:

= Z B, sin(nawt) (2.8)
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B, =%[1+2i(—1)i cos(n@l-)} (2.9)

Where 7 is odd and takes the values 5, 7, 11, 13, 17, 19, and 23 (since the neutral
point is isolated, triple harmonics do not exist), k is the harmonics can be controlled

and the number of pulses per half cycle equals (k+1).

In SHE the switching angles are determined by solving a set of nonlinear equations,
(2.10) to eliminate the undesired low-order odd harmonics and (2.11) to control the
magnitude of the fundament output. Due to nonlinear and transcendental
characteristics, such equations can only be solved numerically. To obtain fast
convergence, the initial (starting) values must be chosen to be close enough to the
final solutions. This is one of the most difficult tasks associated with programmed

PWM techniques [21].

i[1+2i(—1)icos(n9i)]=0 (2.10)

%[|:1+2§:(_1)icos(n6})‘|—m}=0 (211)

a7 Os

2

N

t

L,

o | | | | J &
Figure 2.5Normalized inverter output voltage.
2.3 The current source inverter
This section mainly deals with the PWM CSI. Three CSI modulation techniques are
discussed: SPWM pulse mapping, space vector modulation (SVM), and selective

harmonic elimination (SHE). The theoretical basis of the modulation schemes and

performance will be analysed.
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The CSI has the following characteristics over the conventional VSI [22, 23].

Motor friendly waveforms because a CSI produces three-phase PWM
currents instead of PWM voltages as from the VSI. With a filter capacitor
installed at the inverter output, the load current and voltage waveforms are
near sinusoidal. The high dv/dt output problem associated with the VSI does
not exist in the CSI; because the output capacitor provides a path for the
motor inductance current during changing the converter switching states.

The CSI can boost the dc voltage to the grid voltage level.

Reliable short-circuit protection. In case of a short circuit at the inverter
output terminals, the rate of rise of the dc current is limited by the dc choke,

allowing sufficient time for protection circuitry to function.

The main drawback lies in its limited dynamic performance due to the use of large dc

choke inductance. An open circuit output is not allowed.

The CSI requires a three-phase capacitor C; at its output to perform the following two

functions:

When switching states, it protects the inverter switching devices from high-
voltage spikes, by providing a current path for the energy trapped in the load
inductance.

Harmonics filter and improve the load current and voltage.

The switching pattern for the CSI should generally satisfy two conditions: 1- The dc

current /4. should be continuous, and 2- at least one top/bottom switch must be

closed at any time. This means that the oncoming switch should be turned on before

the outgoing switch is turned off, and hence, overlapping periods are necessary to

ensure that there is a path for the dc-link current during commutation [24]. These two

switching conditions can summarize in the following two equations.

{gm1+gm3+gms=1 (2.12)

Em2 t &ma+ &me =1

{gml'gnﬁ =8m3-8ms = &m5-Eml =0 (213)
8m2-8ma = Ema-Em2 = &ma-8&m2 =0
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Where g to gme represents the switch state of the current source converter.

2.3.1 SPWM plus mapping

The online carrier based SPWM described in section 2.2.1, which was initially
developed for three-phase VSIs, can be extended to CSIs with a mapping logic [25-
27], Then the advantages of the modulation scheme in VSIs are extended to the CSI.

i Mapping technique for implementation of the SPWM
This section proposes an online mapping technique for conventional SPWM gate
signals (g; to g¢) to convert to CSC gate signals (gm; to gme), as shown in Figure 2.6,

Table 2.1 show CSC mapping table, which consists of six segments, each segment

has a width §> as shown in Figure 2.7. This table is constructed according the

following analysis on the first segment (0 to g), with the remaining five segments

based on the same principle. v has the highest absolute peak magnitude and is
negative in the first segment. This translates to turn-on the corresponding lower
switch of phase ‘b’, meaning gate g,6=1, and from equation (2.12) the gate signals of
the other two lower switches are kept off (gm>=gms=0). Since the gate signals of the
upper three switches must provide a continuous current path, g1 will be high if g;
and g, are high, similarly g5 is high if g5 and g¢ are high, g,,3 will be high if g,,; and

Zms are low to secure a continuous path for the dc current /g,

Figure 2.8(a) and (b) shows the gate signals over one cycle (at m=1) for the upper
and lower switches respectively. The gates of the upper the lower switches equals to
one, meaning the proposed SPWM mapping technique secures a continuous path for
the dc current and only one top/bottom switch must be closed at any time. Figure 2.9
shows an open loop simulation results of the proposed SPWM mapping technique
with a 2000 Hz switching frequency, 400V dc supply voltage, 25mH dc-link
inductance, S0pF ac-side C-filter A connected, and three-phase R-L load of 100Q
and 5mH. Figure 2.9(a) and (b) shows the CSI three-phase output voltage and

current.
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Figure 2.6 The proposed current source converter on-line mapping pattern generator.
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Figure 2.7 The six segments of the three-phase reference signal.

Table 2.1 CSC mapping table

ot

Fixed switch state

Modulated switches

0°=60°

gm6:1

Em2= 8m 420

gmn1=21ANDg,
gn3=NOT((g1AND g;) OR (gsAND g¢))

Zms= &5 AND g

60°=120°

gm1:1

Em3= 8m 5:O

gm2= g AND g3
gn4=NOT ((g2 AND g3) OR (g5 AND g1))

Zme= & AND g;

120°=180°

gm2:1

m4= Em 620

gm1= &1 AND g,
8m3~ &3 AND &4
8ms=NOT ((g1 AND g,) OR (g3 AND g4))

180°=240°

Em 3:l

gm 1= gm 5:0

Em2— &2 AND &3
Ema— L4 AND &5
8m6=NOT ((g2 AND g3) OR (g4 AND g5))

240°=300°

gm4:l

gm 2= gm 6:0

gm1=NOT ((g3 AND g4) OR (g5 AND gq))
gm3= &3 AND &2
8ms— &5 AND g6

300°=360°

Em 5:l

gm 1= gm 3:0

gm2=NOT((g4 AND gs) OR (g; AND g¢))
Zm4= g4 AND g5
Zme= g6 AND g,
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Figure 2.9 SPWM CSI open loop test.

2.3.2 Direct Space Vector PWM Switching

For the CSC, SVM is based on the possible switch combinations. From equations
(2.12) and (2.13) there are six active states (dc-link inductance discharging states 1;
to 1, ) but three zero states (dc-link inductance charging states 1, to 19 ), although in
this case, the zero states are the activation of both switches within one leg. This is to
ensure a continuous current through the dc-link inductor. These switching states can
be represented by vectors in a CSI space vector diagram. Figure 2.10 shows a typical

CSI space vector diagram. The vector dwelling times are calculated as follows [28,

29]:

T :maTSsin[%—9+(n—l)§j (2.14)
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T

TZ:maZ}sin(%-i-@—(n—l)?j (2.15)

TL=T,-T-T, (2.16)

Where m, = # = 111_1 is modulation index, ij; is the peak value of the fundamental
dc dc

frequency component of CSI output current ( i, i and i), and n is the sector

number.

To illustrate the switching sequence, the reference current vector i.¢r is estimated to
be between vector 1, and 1,,,, a counter continuously counts from zero to T;. At the
beginning of each counter period 7 and T, are calculated, the value of 7 and T + T3
are compared with the counter value for proper vector selection. At the beginning of
a sampling period the switching state of 1, is selected, until (7s>T)) then the
switching state of 1, is selected.The corresponding zero vector 1, replaces 1,4, if

(Ts>T)+T3), as shown in Figure 2.11 and isolated in Table 2.2 [28, 30, 31].

Figure 2.12 shows open loop simulation results of the proposed SVM CSI, with a
2kHz switching frequency, dc supply voltage=100V, dc-link inductance=25mH, ac-
side C-filter=25puF Y connected, and a three-phase R-L load of 50Q2 and 5SmH. Figure
2.12(a) and (b) show that the SVM CSI successfully supplies the load with sinusoidal

current and voltage.
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Figure 2.10 CSI space vector plane and switching states
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Table 2.2CSC SVM table

Sector Corresponding zero vector
Vector | Gate | Vector Gate
1 i gn=l | 1, gn=1
Zn=06 gn=4
iz gu=1
Zn=2
2 i, gn=1 | Iy Zn=2
gn=2 gn=5
i3 Zn=2
gn=3
3 G Zn=2 ﬂ; =3
Zn=3 Zn=0
i g =3
gn=4
4 E gn=3 ﬁ gn=1
gn=4 gn=4
is gn=4
Zn=5
5 Is ) gn=2
gn=5 gm=5
is En=5
Zu=6
6 is gn=5 | Tg g =3
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n gn=1
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Figure 2.12 SVM CSI open loop test.
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2.3.3 SHE switching scheme

Online modulation techniques such as SPWM and SVM were initially developed for
the VSC and then extended to CSC. The resulting ac normalized current waveform in
the CSC and the ac normalized voltage waveform in the VSC, are identical. In high
power applications it is required to eliminate low-order harmonics with low-
switching-frequency PWM patterns. Selective harmonic elimination (SHE)
techniques provide low-order harmonic elimination with a low switching frequency

[32].

The CSI SHE approach uses the chopping angles or gating patterns developed for the
VSC in combination with logic circuitry to generate the gating patterns for CSC, as
in [32]. [33, 34] propose SHE for the CSC, using a combination of commutations and
short circuit pulses positioned to eliminate the selected lower order harmonics, with a
low switching frequency with fixed fundamental ac current. In [35] a generalized
CSC method is introduced to determine the number and position of the short circuit
pulses for eliminating any number of harmonics as well as current magnitude control.
The lowest possible frequency to achieve 5™ and 7" harmonic elimination and an

adjustable fundamental output current is proposed in [36].

i Lowest possible frequency to eliminate the 5™ and 7™
The SHE technique proposed in [36] is discussed in this section. It uses six pulses
per cycle - five to eliminate the 5™ and 7. The six pulses come from the angles

0,,0; and Os as shown in Figure 2.13.

The phase current shown in Figure 2.14(b) can generally expressed as

i,(ot)= Zan sin(not) (2. 1 7)

n=1

Where 7 is the order of harmonics and a, can be expressed as follows:

3
a, = iJ-iW(a)t)sin(na)t)d(a)t) (2.18)
T

0
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a, = %[cos(&ln) —cos(&zn)+cos(n(% +63)) —cos(n(% -6,)) +cos(n(% +6)))- cos(n(% -0 ))} (2~ 1 9)

To eliminate the 5" and 7™ harmonic orders, as and a7 can obtained from equation

(2.19) and set to zero. The modulation index equation can calculated as:

a — mldc =0 (2.20)

The three nonlinear equations can be solved to get the variables O, ©, and O3 The

SHE tables to eliminate the 5" and 7.

wln
|
|
NE
5
\/

Figure 2.13 Converter half-cycle current with three independent angles.

ii Proposed SHE modulation, eliminating the 11™ and 13™ order
harmonics
This section proposes a new SHE modulation technique which eliminates the lower
order harmonics along with current magnitude modulation with a minimum
switching frequency, without using short circuit pulses as in [33-35] or using a
central angle pulse as proposed in[36]. The proposed SHE technique can eliminate
the 11™ and 13™ harmonics order using one pattern with smooth pulse angle changes
and with a fixed switching frequency, unlike the that proposed in [37] which uses

two patterns with two switching frequencies.

Referring to Figure 2.1(b) switch S, gate signal is shown Figure 2.14, where three
independent switching angles used to eliminate two harmonic orders. from Figure
2.14 seven current pulses per half-cycle of the fundamental frequency with only three
independent switching angles ©,, ©, and O3, The three switching angles provide two

degrees of freedom, which can be used either to eliminate two harmonics in the
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output current with modulation index control. The per filter inverter phase output

current is shown Figure 2.15. Equation (2.18) can be rewritten as follows:

/a2

Va
z Z g
4i 0, 6 3 2
i .
a, = ~de J.sm(na)l)d(a)t) + I
3
6 0

3 3

To eliminate the 11" and 13" harmonics a;; and a3 are set to zero.

) [cos(1 16)) —cos(116,) + cos(1165) + cos((117) / 3 -116)) —
= | cos((117) / 3—1163) + cos(117) / 3-1165) —3

. _cos(1301) —cos(136,) +cos(1365) + cos((137) / 3-136,) -
i = | cos((137) /3~ 136) +cos(137) / 3~ 1365) — B

Equation (2.25) can derive for modulation index adjustment.

. a
f=—t-m

lde

4| cos(m/3-6)—cos(mw/3—-6,)

z_g, z_g

iy, [ (cos(ayn) - cos(ayn))/n + (cos(n(r/3 - ay)) - cos(nz)/2))/n
;_ - (cos(n( /3 - ay)) - cos(-n(az - m/3)))/n - (cos((zn)/6) - cos(asn))/n

}:0
}:o

=— =m
7| +cos(7w / 3—05)+ cos(6)) — cos(6,) + cos(65) — \ﬁ

2
sin(nwt)d(wt) + I sin(nat)d(wt) + J. sin(nat)d(wt) (2.21)

} (2.22)

(2.23)

(2.24)

(2.25)

(2.26)

Solving these three nonlinear equations (2.23), (2.24) and (2.26), varying m gives,

Table 2.3. Figure 2.16 shows the FFT of the phase current at m=1, where the 11™ and

13™ harmonics are eliminated.
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Figure 2.16 FFT for the phase current at m=1.
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Table 2.3SHE lookup table to eliminate the 11" and 13" harmonics order

O O, 6s m
-29.2465 | -15.2417 | -14.3203 | 0.05
-28.4835 | -15.4777 | -13.6319 | 0.1
-26.9101 | -15.9093 | -12.2232 | 0.2
-25.2290 | -16.2303 | -10.7558 | 0.3
-23.3429 | -16.3186 | -9.1946 0.4
-21.0235 | -15.8856 | -7.4563 0.5
-17.6665 | -14.1388 | -5.2858 0.6
-12.5087 | -9.9129 -2.0849 0.7
-4.8406 -2.5644 2.2273 0.8
0.8416 8.4149 10.3951 | 0.85
2.6328 11.5051 15.5528 | 0.9
6.0159 11.1006 20.3603 1
6.4239 11.0329 20.8085 1.01
6.8731 10.9879 21.2729 1.02
7.3502 10.983 21.7293 1.03
7.9079 11.0433 22.2101 1.04
8.5853 11.2206 22.7141 1.05
9.4902 11.6298 23.2577 1.06
10.9244 12.5955 23.8902 1.07
14.2056 15.6109 24.9459 1.08
14.8328 16.2700k | 25.1626 1.081
15.5807 17.0904 25.4565 1.082
16.4875 18.1457 25.8995 1.083
17.6026 19.5722 26.6994 1.084
18.7929 | 21.3722 28.583 1.085

2.4 Comparison between the VSC and CSC

A comparison between voltage and current source converter technologies for high-
power drives applications (greater than one MW) is presented in [24] and is
summarized in Table 2.4. Ref [38] shows an efficiency comparison between three
different medium voltage drive topologies:1) a CSC based drive, 2) CSI with an 18-
pulse thyristors rectifier; and 3) a three-level VSI with a 12-pulse/24-pulse diode
rectifier. The third topology gives the highest efficiency, 98.77%, while the CSC
based drives have the lowest, 97.65%. The efficiency difference is due to an active
front end rectifier (CSR), which has higher losses than the diode rectifier, but this
front end rectifier allows regenerative dynamic braking, lower THD supply current,

and higher power factor.

Another comparison between a VSI with a boost converter (BC) and CSI for
photovoltaic (PV) and fuel cell applications is presented in [39]. The analysis shows
that the CSI has higher installed semiconductor rated current to boost the low fuel
cell voltage with high current, while to the VSI plus BC needs only one power

semiconductor which carries the current during boost operation. This yields
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advantages for the VSI in terms of losses for both systems. Also [2] evaluates four
single-stage power electronic converters for PV applications: 1) VSI, 2) CSI, 3) Z-
source inverter (ZSI), and 4) CSI with series connected AC capacitors (CSI+SC).
The VSI has the lowest losses, 2.2%, but requires a high PV voltage level. The CSI
can operate over the full PV range but its conduction losses are higher than the VSI,
3.12%. The ZSI has the ability to buck and boost output voltage which better match
PV characteristics, but it has the highest losses, 3.98%, in addition the high number
of passive components increases the overall cost. For the CSI+SC, the dc-link
inductance is smaller than that required for the CSI. This decreases the total losses to
3.02%. But this configuration has the drawback of low power factor due to its large
series capacitance. The authors in [2] summarise stating that if all four topologies are
required to operate over the whole PV V-I range, the VSI requires a boost converter,

which increases total losses.

Reference [40] compares a grid connected VSI and CSI, based on switching
frequency and at a low switching frequency,<10kHz, the total VSI power losses are
lower than the CSI, while at a high switching frequency, the CSI has lower total
power losses.

Although the CSI energy storage element is much heavier that in a VSC, it has a
longer lifetime and the recent advancements in superconductor technology have led
to the development of superconducting magnetic energy storage (SMES) systems,
which considerably reduce the losses in the CSC energy storage element. With the
development of 900V reverse-blocking IGBTs, the need for series diodes is

eliminated, resulting in a reduction in the cost and conduction losses [41] .

This thesis mainly concentrates on multi-megawatt WECS. Due to the stated CSC
advantages and the possible use SMES, the CSC is the converter explored in the
thesis. The CSC low dynamic performance is not much issue in this application,
since the large size and high inertia of turbine blades, produce slow dynamics
performance of the wind turbine. Also, the generator rating voltage is close to the

grid voltage; this reduces CSC conduction losses due to boosting.
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Table 2.4 Comparison between VSC and CSC.

Item Voltage Source Converter Current Source Converter

Switching Device Asymmetrical with anti-parallel | Symmetrical: GTO, IGCT,
diode: IGBT, GTO, IGCT RB-IGBT (or IGBT with

series diode)

dc-side energy storage dc-capacitor dc-choke

Switching dv/dt High Low

Over-current/ short-circuit Difficult (with IGCT), effective | Effective and reliable

protection (with IGBT)

Dynamic performance High Low

PWM technique Carrier based, SVM, SHE and | Carrier based, SHE and SVM
hysteresis

2.5 Summary

This chapter discussed a number of modulation techniques that can be used to
generate the gating signals for three-phase two-level VSCs and CSCs. For the VSC,
SPWM, SVM and SHE were discussed. For the CSC, existing and proposed mapping
techniques for converter gating signal generation, based on VSC SPWM, were
presented. It was found that the proposed mapping technique decreases the logic
circuitry and complexity compared to that of Espinoza [23]. SVM for the CSC was
also discussed. Because SVM performs better when the switching frequency is
greater than 2kHz, SVM is not be discussed further as this thesis is devoted to high-
power medium-voltage applications where the switching frequency must be
restricted to ensure low switching losses. The well established and proposed SHE
implementations for the CSC were discussed. It has been found that the proposed
new SHE implementation eliminates the 11™ and 13™ harmonics using one pattern,
with smooth pulse angle changes, and with a fixed switching frequency; unlike the

conventional method that uses two patterns with two switching frequencies.

The comparison between the VSC and the CSC represented at the end of this chapter
shows that the CSC has advantages over the VSC such as: low switching dv/dt and
reliable over-current/short-circuit protection. But the VSC has better dynamic
response and higher efficiency than the CSC. Based on this comparison, the CSC
was selected as a suitable converter for WECS use, thus will be studied within this

thesis.
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Chapter 3 Proposed Current Source Converter Control

Schemes

This chapter discusses current source inverter (CSI) and the current source rectifier
(CSR) control systems in the synchronous reference frame, where Park's
Transformation is used to simplify the both models. This transformation allows the
use of simple proportional integral (PI) controllers to eliminate steady state errors. To
enable variable frequency operation, as will be discussed in later chapters, a phase
locked loop (PLL) uses weighted least-squares estimation (WLSE) to estimate the
grid angle and frequency, and discussed in Appendix A. The CSI control strategy in
islanded and grid mode, and also that of the CSR, are considered. Control loops are
necessary to facilitate system operation with independent control of active and
reactive powers, low total harmonic distortion current, and voltage harmonic
distortion THD, stable dc load voltage from the CSR, and fast and adjustable ac load
voltage for the CSI in islanded mode. The dual-bridge CSR and CSI for medium-
voltage high-power applications are also discussed in this chapter, including the
control systems. The proposed control schemes will be used to controller the grid
delivered active and reactive power in wind energy application; as will be shown in

Chapter seven.

3.1 Park's Transformation

The invariant power Park's Transformation used in this chapter aims to simplify
system modelling and control, since in the dq synchronous reference frame all states
variables become dc quantities. This makes conventional controllers such as PI
sufficient to eliminate steady state error, in addition to the elimination of the time-

varying nature of an ac system [1, 2].

The Park's transformation C used throughout this thesis to transform ac quantities

from phase variables ‘abc’ to ‘dq’ is defined as [3, 4]:
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C=% sin@ sin(@—z”) sin(9+2”) (3.1)

The inverse C'is used to convert from (dq0) to (abc) frames:

cosd sinf 1
c'= cos(H—%”) sin(&—%’[) 1 (3.2)
cos(€+27”) sin(9+2T”) 1

3.2 The Current Source Inverter

For many years, in medium-voltage high-power motor drives, CSI based drive
systems were preferred over VSI based systems due to the following advantages:
high power capability, excellent short circuit protection, controlled dc-link current,
and motor-friendly waveforms [5]. Also, it was difficult to use a VSI in medium
voltage applications, because high-voltage power electronics switches were not
available and technology for series connection of self-commutated semiconductor
devices was not readily viable [5]. On the other hand, the CSI can use high power
reverse blocking switching devices such as IGBTs, which can be series connected [6-
8]. The online-gating requirements of the CSI drive system are more complicated
than for a VSI; for example, SPWM requires a mapping circuit that converts VSI to
CSI gating signals. For this reason, the use of off-line stored pattern generation based
on SHE is widely used to overcome this problem [9, 10]. In general, the CSI has a
slower dynamic response than VSI, as its large dc-link inductance dominates the rate

at which its dc link current (power) can be change.

Although the CSI has advantages over the VSI, its weight, size, losses and cost of its
dc-link inductance limit its applications to early generation high-power motor drives.
This is attested by the dwindling CSI research, while that on the VSI is thriving.
Nowadays superconductor technology permits development of a dc link inductor
with reduced weight, losses and size. At modest power levels, the 900V reverse
blocking insulated gate bipolar transistor (RB-IGBT) allows removing of the series

diode from the pulse width modulated CSI; thus, its semiconductor loss is decreased
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[11, 12]. Additionally, recent developments in microprocessor technology
programming techniques make the CSI applicable to many areas. The following
shows applications where the CSI has potential to replace the VSI, while providing

the same or better performance and efficiency:

e In medium-voltage high power-induction motor drive systems, the CSI
continues to challenge the VSI [13, 14]. Especially, as control techniques
(V/F) and vector control have good steady-state performance despite the low
CSI dynamic response [9, 15].

e In electric vehicles, with a VSI the large electrolytic dc-link capacitor is
limiting due to its short lifetime, expense and unreliability[16]. A film
capacitor is used due to its long service life and self-healing capability, but it
is bulky and expensive.[16-18] proposes some solutions to decreasing the dc-
link capacitor size. The use of reliable and long-life dc link inductance in a
CSI is attractive [19-24]. The authors in [19, 20] use a CSI with a dc-dc
converter to drive a permanent magnet synchronous motor. In [22-24] the
authors use the CSI in a brushless permanent magnet machines drive, and
utilize the CSI boosting ability to extend the constant torque and constant
power regions.

e For islanded loads, the authors in [25-28] replace the VSI with a CSI and
improve CSI voltage control, to make it applicable for standalone
applications like an uninterruptible power supply and a programmable ac
source to an island load.

e In static synchronous compensator (STATCOM) applications most research
focuses on the VSI, with little consideration given to the CSIL. In [29-31], the
authors consider a CSI based STATCOM due to the advantages it offers over
the conventional VSI based STATCOM, like:1) dc-link inductance improves
short circuit protection,2) unidirectional nature of the switches, 3) fast start-
up and the energy storage devices do not need current limiting or a rectifier
during start-up.

e In grid connected inverter applications, a pulse-width modulated CSI can
provide independent control of active and reactive powers at the point of

common coupling, as with a VSI[32, 33]. It has gained attention over the VSI
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in photovoltaic (PV) and fuel cells applications due to its voltage boosting
ability [7, 34]. The CSI can match the VSI and satisfy most wind energy
conversion system (WECS) requirements such as: maximum power point
tracking, low voltage ride-through capability, and sinusoidal grid current [35,

36].

3.2.1 The CSI in island mode

In island mode, a PWM-CSI must operate in an output voltage controlled mode
where it defines the load voltage and output frequency. In this case, to create a
current source, the CSI will be supplied from a fixed dc link voltage source followed

by an inductor.

Dynamic model of a CSI in islanding mode
Figure 3.1(a) shows a CSI equivalent circuit that describes its two fundamental
states. The first state represents an ac current injection mode, where two switching
devices from different phases (one from an upper arm and other from a lower arm)
are turned on simultaneously. This state transfers the electromagnetic energy stored
in the dc link inductance (L4.) to the load. In this state, the pre-filter ac current for
phases ‘a’ and ‘b’ for example when S; and S¢ are on are ij,=lj. and ijp=-I4c
respectively. The second state represents the dc link inductor energising mode, and is
achieved by turning on any two switching devices in the same phase-leg
simultaneously. During this state, the CSI output filter capacitor supplies the load
current; thus, the pre-filter load current i;, for phase ‘a’ as an example will be zero
(this corresponds to S;=S4=1). This shows this state is associated with the generation
of zero current vectors during each switching cycle. Merging these two fundamental
CSI states provides the equivalent circuit in Figure 3.1(b). On this basis, the CSI pre-
filter ac currents and dc-link current can be expressed using switching functions as
[20, 23, 24]:
iia = Silge — Sal g

iy =831 g — Sel e (3.3)
ii(f = SSIdc - S21dc

Where ij,, i, and ij. are the CSI output currents, /g is the dc-link current, and S; to Ss

represent the CSI switch state.
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The relation between load voltages and ac filter capacitors current are:

= dVLa =1 iL
ca 1 a a
dt
dVLb . .
iy =G Rl a7 (34
_ dec =i —i
cc — vi dt ~lic T ‘Le

CSI dc side dynamics can be expressed in terms of the voltage across dc-side
inductor as in (3.5):

dly,

L
dc dt

=Vae =Vin = Racl ge (35)

Where the load voltages are vi,, vy, and vi; the load currents are iy,, ity, and ir;
load resistance is Ry; load inductance is Ly ; the capacitor currents are ic,, ich, and ic;
V4 1s the supply voltage, Lq. is the dc-link inductance, and Ry, is the dc-link inductor
internal resistance.
The CSI input terminal voltage Vi, can be expressed in terms of the switch states and
the ac load voltages by:

Vin =v1a (S1 =S4 )+ v (S3—S) + v (S5 = S,) (3.6)

The system equations can be rewritten in the dq frame as follows[20]:

lig = Mgl g (3.7)
il'q zmq]dc (3.8)
Vin = %(deLd + mqVLq) (3.9)

{md =mcos(x)

=msin(x)

(3.10)

my

Where my and mq are the d-q components of the modulation index, m; w is the supply

frequency in rad/s; and a is the phase angle of CSI output current.
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Since the load voltage is the input for the PLL, the q component of the load voltage

will equal zero (vi4=0), and equations (3.4) and (3.5) can be written in the dq frame

as:
dvig iy 1 . 311
_:———l .
Rt (3.11)
Qq::aX%de4-Qq (3.12)
dly _ 3my, Ry 1 (3.13)
dt 2 Ly Ly Ly

Where v 4 and viq, and irq and irq are the dq components of the terminal voltages, vi;

and load current 7.

Equations(3.11) to (3.13) describe the dynamic mode of the CSI in the dq frame

L. Current source Output C- Three-phase
Ig ’v‘rd:r\_ inverter filter load
e S Sy Sy
I
| D, D;\ Ds\/ ;
i Vi d > iz
by, o lih
+ ﬁc= . =’L
1 Tgig) Teib] ici
Sq( S¢Sz Yy
Cia | Cip| Cie
D,/ D¢/ D, —= =

V(h.'

(b) single line diagram of CSI in island mode.
Figure 3.1CSI in islanded mode.

i Control strategy
The proposed controller is to supply the load but it also defines the load voltage,
power frequency and has the ability to overcome a load step change with minimal
oscillation. Figure 3.2 shows the control system being used on the CSI in island
mode in this thesis.To calculate my, let U = ijq — i1q, therefore equation (3.11) can

be rewritten as:
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¢ —y (3.14)

The variables U can be obtained from the proportional-integral (PI) controller as

follows:

U:Kp,(v;_vd)+1<ﬂj(v;_vd) (3.15)

Where: K, and K;; are the proportional and integral gains respectively for the outer

control loop.

The load and the ac-side C-filter ¢ current components are compensated by adapting
mgq as shown in the following equation:

= LV T ing 3.16
g (3.16)

mq and mq are the d and ¢ components of the modulation index m, and a is the
inverter load angle which has to be added to angle w?, where wt is derived from the
phase lock loop (PLL), to give the reference angle required by SHE and SVM gate
signal generators. For SPWM mq and mq are converted from the dq frame to the abc
frame using equation (3.2). The conversion output provides the three-phase reference
signals for the SPWM which is compared with a high frequency triangular carrier
signal; the output from the comparison feeds the proposed mapping technique to

provide the CSI gate signals.
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Figure 3.2Proposed control strategy of CSI in island mode.
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Simulation results
CSI operation in islanding mode is illustrated using PSCAD/EMTDC computer
simulation, with the system parameters in Table 3.1 and the control system depicted
in Figure 3.2. Simulation results presented in this section are obtained with three

different modulation techniques:

e SPWM with the mapping technique discussed in Chapter two
e SHE modulation

e SVM and its comparison with mapped SPWM and SHE.

a) Mapped SPWM switching technique

This section uses SPWM with the controller in Figure 3.2 to simulate the CSI in
islanding mode, during two cases. Initially, the set-point for the peak of the load
voltage (Vi4') set to 0.33kV when the three phase load consists of 20Q resistance in
series with SmH inductance. At time #=1.5s, an additional three-phase resistive load of

35Q is connected in shunt with the initial load.

Figure 3.3 shows the simulation results with mapped SPWM with a 1.2 kHz
switching frequency. Figure 3.3 (a) and (b) show the load voltage magnitude and
three-phase load currents when the CSI is operated in islanding mode. Figure 3.3(a)
show that with the basic controller in Figure 3.2, the CSI is able to maintain constant
load voltage as the load varies. Figure 3.3(b) shows the CSI injects high quality

sinusoidal current into the load.

Table 3.1CSI in island mode simulation parameters

Parameter | value

Vi 0.12kV

Ly 10mH

Rie 0.02Q

G 105pF Y-connected

Ri-Lp 20Q and 5SmH Y -connected
step load | 40Q Y-connected
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Figure 3.3 CSI controller performance in island mode, when using the mapped SPWM switching
technique.

b) SHE switching

This section simulates the CSI in islanding mode with the same parameters and
controller system as in Figure 3.2. In this illustration, SHE is used to eliminate the 5™,
7% 11" and 13" harmonics from the pre-filter output phase currents. Figure 3.4(a), (b)
and (c) show SHE gating signals at 0.8 modulation index, the gate signals of switch S4
subtracted from that of the switch Sj(which is expected to be similar to the pre-filter
output phase current), and spectrum of the output phase current. The gate signal in
Figure 3.4(a) consists of 10 pulses per fundamental cycle, and this means for a 50Hz
fundamental frequency, the equivalent switching frequency per device is
50x10=500Hz. The output phase current FFT in Figure 3.4(c) shows that the 5t 7,
11™ and 13™ harmonics are eliminated from the phase current, and the peak of the
fundamental output current is 80% of the dc link current. Figure 3.5(a) and (b) show
SHE is able to reproduce the results obtained by the mapped SPWM technique, but
with slightly higher output current ripple.

0.00
0.1000 0.1050 0.1100 0.1150 0.1200 0.1000 0.1050 0.1100 0.1150 0.120C
Time (s) Time (s)

(a) Switch gate signal per cycle. (b) CSI expected per-phase output current(g;-g4)

Fundamental (50Hz) = 0.8033 , THD= 93 90%
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e = . ) [P 16 [ 20
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s o @
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)
]

(c) CSI expected per-phase output current FFT
Figure 3.4 Waveforms show the SHE gate signals.
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Figure 3.5 Performance waveforms of the CSI controller in island mode, using SHE switching.

c) Comparison between mapped SPWM, SVM and SHE

In this section, an open loop test is carried out using the system parameters listed in
Table 3.1 and a fixed modulation index of m=0.8. For the mapped SPWM, a carrier
frequency is selected such as the minimum frequency that gives load current with a
THD less than 5%. The SVM sampling frequency is similarly selected, while the SHE
climinates the 5™ 7™ 11™ and 13™ harmonics. The gate signal per switch when using
SHE, mapped SPWM and SVM is shown in Figure 3.4(a),Figure 3.6(a) and Figure
3.6(b) respectively. Table 3.2 shows the pre-filter inverter output current harmonic
analyses; where SHE is able to eliminate the harmonics from the 5™ to the 13"
inclusive, but the magnitude of harmonics from 17" and above are higher when

compared with the other two modulation techniques.

In terms of the load current THD profile; mapped SPWM and SVM satisfy IEEE
Standard 519-1992 for medium voltage [37]. But for the SHE, the 17" harmonics
order is slightly higher than allowed; this can be solved by increasing the size of ac
side C-filter or by compromising with the lower order harmonics reduced but not
eliminated. A table 3.2 show IEEE Standard 519-1992 and Table 3.3 confirms that
SVM is the optimal switching technique.

In this thesis the preferred switching technique is SHE. SHE has the ability to
eliminate specific low order harmonics, like the 11™ and 13", while higher order
harmonic orders are eliminated by the transformer. Only SHE can perform this task

with a low switching frequency of 300Hz.
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Modulation F THD Harmonics (% of fundamental)
technique g ulEley ls| Sth 7th 1 1th 1 3111 1 7th 1 9111 2 3|‘d 2 Sth
Sampling
Mapped frequency=750Hz o o o o o o o o o o
SPWM Switching 77.84% | 100% | 0.31% | 0.11% | 2.32% | 1.03% | 26.00% | 026% | 0.77% | 4.69%
frequency=450Hz
Carrier
SVM gequen_cwssom 77.81% | 100% | 0.77% | 191% | 0.64% | 7.60% | 12% | 2434% | 536% | 2.37%
witching
frequency=450Hz
SHE ?W‘mh‘ng 9357% | 100% | 0.0% | 0.0% | 0.0% | 0.0% | 73.97% | 20.49% | 1.89% | 0.27%
requency=500Hz
Table 3.3 Load current harmonic analysis
Modulation technique THD Harmonics (% of fundamental)
1 st S!h 7!h 1 l\h 1 3\}1 1 7lh 1 9lh 23rd 25&}1
Mapped SPWM 4.960% | 100% | 0.11% | 0.03% | 0.3% 0.0% 1.68% | 0.01% | 0.03% | 0.15%
SVM 4.760% | 100% | 0.27% | 0.45% | 0.09% | 0.77% | 0.08% | 1.29% | 0.2% 0.08%
SHE 4.960% | 100% | 0.0% 0.0% 0.0% 0.0% 4.77% | 1.09% | 0.07% | 0.01%

3.2.2 Grid connected CSI

As with a VSI, a grid-connected CSI is expected to offer the following features:

1) Meet power quality requirements at the point of common coupling (PCC)

2) Independent control of active and reactive powers delivered to the grid.

(low voltage and current THD, injected sinusoidal output current, and low

dv/dt) and

As with grid connected VSI, a grid connected CSI is most likely to be controlled

such that it regulates the amount of active and reactive power it exchanges with ac
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grid. The ac current controller must to act as first line of defence during low-voltage
ride-through, as demanded in the grid code. In the internal model based control
design, the first step for CSI controller design is to derive the system transfer
function. In this thesis, a state-space representation is used to derive the system

transfer function, which later is use to select the controller gains.

The standard state-space representation form is [31]:
" (3.16)

y=Cx+Du (3.16)

Where x is the vector of state variables (nx1), . is the time derivative of the state
vector (nx1), u is the input (mx1), y is the output vector (zx/), A is the system
matrix (nxn), B is the input matrix (n>m), C is the output matrix (z*n), and D is the

feed forward matrix (m xm).

CSI dynamics equations
Figure 3.7 shows a single-line diagram of a grid-connected CSI. The resistance and
inductance of the distribution line are represented by R and L respectively. From
Figure 3.7 the differential equations that describe the inverter ac-side and dc-side

dynamics, when considering only fundamental ac currents and voltages, are:

; dve .
li:Ci d;l + i (3.17)
v(:i:Ls ‘;is JrRsierVs (3'18)
t
dl,
de d;{c = Vdc - Vin (3 ° 1 9)

The inverter dynamics can be expressed in the dq axis reference frame as:

dr,. 1 ( Ry,
—de — _— (V). -V, )_ I e (3.20)
dt de C 124 de cC
vy 1 1. 321
—4L = —myl .+ wv,;, ——I .
dt q d*dc ciq Ci gd ( )
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dvciq 1 1.
7 :quldc — OVeig 7algq (3'22)

i

digg 1 ) R, 1
T T e Ve T e~ Ve (3-23)
1 1

T

digg _ 1 R, (3.24)
L L

Where the grid voltage v has only d component vy while the g component is v4=0.
Since the d-axis is aligned to the voltage vector. isq and isq are the dq components of

the grid current.

The dc-side dynamic equation is expressed in (3.20). Equations (3.21) and (3.22)
express the capacitor filter voltage dynamics, and the grid current dynamics are

described in equations (3.23) and (3.24).

Current source Output C- '
I Lo : grid
de inverter filter
Y YL
1 *
T—|
Vdc i ia . Vsa
. L
Lip . ._1‘\/1 Vsb
P . Ve
v | % lic Ty .i.\(' 56
! S S S irm ir-.'h ]
4 o) D2 Y
Cia| Cap
D4/ Ds\/ D: i,
° . . l

(a) CSI in grid connection mode.

I de Ltlc Rti‘r.‘ t',- l'.\ Lx Rs

Vdc

IS

(b) single line diagram of grid connected CSI

Figure 3.7 CSI in grid connection mode, and single line diagram of grid connected CSI.
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i

CSI grid delivered active and reactive power proposed controller.
It is required to provide independent control of the grid delivered active and reactive
power. Figure 3.8 shows the CSI control system block diagram. The grid active
power controller consists of two control loops, in the outer control loop equation
(3.25) is used to calculated the reference grid d-component current i ;d, the error

between [ g4 and iy passes through the outer PI controller which estimates the Zgc1.
Zae1 1s used to calculate the reference dc-link current [ j. for the inner control loop,
the error between I . and I4 passes through the inner PI controller to estimate my.
The reactive power controller calculates the required i gq from equation (3.26), and a
PI controller is used to calculate the value of mq from the error between i gq and iy .
mq and mq reused to get the modulation index m for SHE gate signal generator, and
the angle a which added to angle wt, derived from the phase locked loop (PLL), to

give the reference angle required by the SHE gate signal generator.

P =%ngi;d (3.25)
QZ' = %ng’;q (326)

To facilitate current regulator design the term (V4.-Vin) can be replaced by control
variable Zy.| (Where Zgc1= Vac-Vin), similarly Zgi=mglyc and Zg=mgly.. Where Zgc1, Zg

and Zy; can be estimated from PI controller as follow:

Zger =(Vae =Vin) = K p1iga _igd)+Ki1J(i;d —igq) =K 1 (igq —iga) + Ager (3.27)
Zagr =malye =K o (g —Idc)+Ki2_[(1;c 1) =K prUge = 1ae) + A (3.28)
Zgy=mglye = p3(i;q ~lgq) +Ki3J-(i;q ~lgg) = Kp3(i;q ~igg) + g1 (329)
AL K 1 i) (3.30)

%:Kﬂ([;c_[dc) (3.31)

Tl Ky i) (3.32)
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Differential equations (3.20)to (3.32) can be written in state space form as:

-K
Re L9 0 0 o0 ! 0
de de de
o 0 0 0 0 0 0 -Ky 0
Idc K 1 |
dia| |—2 0 0 — o 0 = 0
Ci Ci Ci
Veid
0 0 0 -k, 0 0 0 0
d Y il i2
||| 0 0 e 0 0 L o K1)
g G G
» 0 0 0 0 0 0 0 -K;3
) -R
log 0 o L 0 o0 o0 2 )
L L
-R
0 0 0 0 L 0 - —£
L Li Li

0
1 de | 0
ﬂ’dcl

Veid 0

At | o
Vciq *

0

igd 0

ig‘] 10

10

o Kn
de
0 K, 0
K
oo 0
G
Ky 0 0
K
0 0 Zr
G
0 0 Kg
_—1 0 0
L
0 0 0

Ved
la)(3.33)

&4

Equation (3.33)shows the overall state matrix that governs the grid current iyq and igq

and dc-side current /4. controllers. The controller gains used are obtained by fine-

tuning based on Eigen-value analysis of the overall state matrix.

Active power controller

m

Cartesian
to Polar

Figure 3.8 CSI control system block diagram

1ii Simulation results

A three-phase grid connected CSI

1S

simulated

in this

SHE

[

section using

PSCAD/EMTDC, with the system parameters in Table 3.4. Initially, the reference

active power is set to 1 MW (casel); and at /=3.5s, the reference active power is

increased from 1MW to 1.5MW in a step fashion (case2); and its reactive power

exchange with the grid is maintained at zero throughout. This scenario is chosen to

illustrate the dynamic performance of the grid connected CSI when it is controlled as

illustrated in Figure 3.8.
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Figure 3.9 and Figure 3.10 show the simulation results of the grid connected CSI.
Figure 3.9(a) shows that the proposed controller successfully follows the reference
active power with minimum oscillation, while Figure 3.9(b) shows that the inner dc-
link current controller regulates the dc-link current with minimum transient time to
adapt the active power delivered to the grid. Reactive controller operation is
observed in Figure 3.10(a) and (b). Since the reference reactive power is zero, this
tends to make the CSI controller force the grid current to be in phase with the grid
voltage (unity power factor) as shown in Figure 3.10(a) and (b). In Figure 3.10(a)
and (b) the CSI successfully delivers to the grid sinusoidal current with low total
harmonics distortion (THD). Figure 3.10(b) show the dc-link current during the step
increase in the reference delivered power to the grid, where the current increases

smoothly with minimal oscillation.

The performance of the reactive power controller is tested by setting the reference
grid delivered active power to a fixed value of 1.5MW and by changing the grid
reference delivered reactive power Qg. At the beginning @ is set to 0.5MVAr (case
1), then after 3s Qg step changes to zero (case 2), again after 3s more, the Qg step
changes to -0.5MVAR (case 3). This test will show the ability of the proposed
controller to independently control the active and reactive powers. The simulation
results are shown in Figure 3.11 and Figure 3.12. From Figure 3.11(a) the proposed
controller keeps the grid delivered active power fixed during the simulation for the
three different cases. Figure 3.11(b) shows that the proposed controller tracks the
reference reactive power without oscillation and minimal transient time. Figure
3.12(a) to (c) show phase ‘a’ grid voltage and current, where in Figure 3.12(a) the
grid current is leading, in Figure 3.12(b) the grid current is in-phase, and in Figure

3.12(c) the grid current is lagging.

The simulation results of the grid connected CSI, show that the proposed CSI is able
to send to the grid high quality sinusoidal current with controlled active and reactive

powers. These features qualify the CSI for WECS and PV applications.
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Table 3.4 Grid connected CSI system parameters

Parameter Value

Supply voltage V. 3kV

dc-link inductance Ly 20mH

Ac side C-filter 180uF Y connected

Transmission line equivalent inductance | 1.5mH

Transmission line equivalent resistance | 0.2Q
Grid voltage 3.3kV

160 : 0.60 :
140 H H
= = 0.50 IS : :
S F, s H
\-_.: 1.00 / J :E 040 /
E 0.80 i So > iaa E
Ritoe \ Casel } |Case2 £ \ Casel| | | Case2
) ' =020 :
= 040 H ~ T H
= i Pg g 010 H
0.00 1 0.00 '
10 20 30 40 50 60 70 10 20 30 40 50 LX) 70
Time (s) Time (s)
(a) Grid reference active delivered power and (b) dc-link reference current and actual dc-link
grid delivered power. current.

Figure 3.9 Waveforms of the overall performance of the proposed controller of grid connected CSI.

THD=4.65% THD=4.75%

2.3 231 2.32 233 234 235 2.36 ) 53 5.31 532 533 534 535 536

Time (s) Time (s)

(a) Phase voltage ‘a’ and the three-phase grid (b)Phase voltage ‘a’ and the three-phase grid
current during case 3.

current during case 1.

Current(kA)
8

Casel ECase 2

0.20 -

3.20 345 360 A375 3.90 405 420
Time (s)

(c) dc-link current during the step change in reference active power delivered to the grid.
Figure 3.10 Detailed view of grid phase voltage, phase current and dc-link current of grid connected
CSI.
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Figure 3.11 Waveforms of the performance of the CSI reactive power controller.
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Figure 3.12 Grid phase ‘a’ voltage and current for each test case of CSI reactive power controller.

3.3 Current source rectifier

Current source rectifier (CSR) is a converter where the power flow is from ac to dc
side, with the converter designed to regulate the dc voltage or current. It can be found
in applications such as UPS, WECS, and motor drive systems. References [1, 4, 38]
discuss different CSR control strategies, all based on using the synchronously
rotating reference frame. These control strategies employ two-layer closed loops; one
for regulating the dc-link current, the other for grid reactive current compensation for
high power factor operation. A synchronous reference frame allows the use of
conventional PI controllers and steady state errors are eliminated, with an acceptable
dynamic response. The CSR replaces the thyristor based rectifiers in medium voltage
horsepower drive applications as shown in [39-41]. In [35, 39] the CSR was used as
front end converter in WECS, where the CSR successfully extracted maximum
power from the wind turbine by regulating the generator speed to optimal speed,

where the turbine gives its maximum power.
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3.3.1 CSR modelling

Based on the single line diagram of the CSR shown in Figure 3.13, equations(3.34)
and (3.35) represent the ac-side CSR dynamics.

Pes _;
C, & =i, —i, (334)
Ls%:vs_Rsis_Vcs (335)

Where C; is the output C-filter capacitance, v is the per-phase voltage across C-filter
capacitor, i is the grid current, i; is the CSR pre-filter input current, L is the ac-side

filter inductance, and R is the internal resistance of the ac-side filter inductor.

Equations(3.36) and (3.37) show the dc-side dynamics.

[dc =1Cdc +IL (336)
diy, .
Ly di =V = Rycige = V1. (337)

Where /4 is the dc-link current, /.4 is the dc-link capacitor filter current, Ly, is dc-
link inductance, Vi, is the CSR dc-side terminal voltage, R4, dc-side inductance

internal resistance and V1 is load voltage.

To simplify the model it is assumed that internal resistances R; and Ry, are
significantly small, so can be neglected. The main dc-side energy storage elements
the dc-link inductance Lg., the C-filter is added to perform smoothing of the load
voltage. It is selected to be less than 150uF, which is small in comparison with
conventional voltage source rectifiers where the value can reach several thousand pF
[42, 43]. At steady state the average dc-side capacitor current over one or a number

of consecutive cycles is equal to zero (I4c=Iy).

Transformation to the dq frame gives

A 1 . my . 3.38
—= =g ig. + v, .

dt Cs sd Cs dc Cq ( )
dVqu 1 . my

dt = Cs lyqg — WVCsq — Cs Lde (3'39)
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Boa _ oy Ly v Ly, (3.40)

dt ML L,
di . 1
g = (3.41)
dige _Vin=V1. (3.42)
dt de

3.3.2 CSR control stage

The CSR controller must provide adjustable dc voltage and sinusoidal grid current
with high power factor. PF correction is an important issue for a CSR because the
input capacitor makes the line PF leading, which may increase the bus bar voltage

and affect other loads connected on the same bus[44].

Figure 3.14 shows the proposed CSR controller, which consists of the dc voltage
regulator and grid reactive power controller. In the voltage regulator, a PI controller
uses the error between the reference load voltage V*L and the load voltage V. to
obtain the reference dc-link current / 4 as shown in equation(3.43). I 4 is multiplied
by the V'L to give the reference required output power. Assuming lossless
conversion, for power balance, the input ac power P, equals the output dc power Pyc.
Equation (3.44) is used to calculated the inner control loop input (grid d-component
current i*sd).The error between i*sd and iy passes through a PI regulator to estimate
mygy as shown in equation (3.45). The reactive power controller uses a PI controller to

. -* .
estimate the mg, from the error between i q and i

I = KpoWe=Va) + Kig [ (] Voo (3.43)
g = Vit (3.44)

2 Vsd
g = Kpy(isg =1) + Kig [ (Gl =0l (3.45)
Mg = Kps(ity —isg) + Kisj(ijq i)t (3.46)
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Where: Kps and Kjg are the outer proportional and integral gains respectively, Kp7 and
Kj7 are the inner proportional and integral gains respectively, while Kpg and Kjg are
the reactive power controller proportional and integral gains respectively.

Li Current source Input L-C filter

—e e oW

Three-phase
supply

Load
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I
a

Ly Ry

Load

V.| csr

-

(b)CSR single line diagram.
Figure 3.13 CSR and its single line diagram.
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Figure 3.14 CSR proposed controller.

3.3.3 CSR simulation results

Figure 3.15 shows the simulation of the proposed controller and the CSR, where the
overall system parameters are given in Table 3.5. The simulation scenario consists of
two cases: at the beginning V'L is 2.5kV (case 1), then after 3s V'L gradually
increases to 3kV (case2). The reactive power reference is always zero. Figure 3.15(a)
shows that the proposed controller successfully tracks the reference load voltage
without overshoot, even during a reference load voltage increase. Figure 3.15(b)
show that the grid d-current component controller rapidly tracks the reference grid d-

current components with minimal overshoot and undershoot. Figure 3.15(c) and (d)
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show phase voltage ‘@’ and the three-phase grid current during cases land 2

respectively. The proposed CSR input current is sinusoidal with nearly unit power
factor.

Table 3.5 CSR simulation system parameters.

Parameter Value
Grid voltage 3.3kV
ac-side inductance L, SmH

ac-side capacitance C; | 150uF
dc-side inductance Ly, | 15mH
dc-side capacitance Cy. | 150pF

Load resistance 50
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(c)Phase voltage ‘a’ and three-phase grid (d)Phase voltage ‘a’ and three-phase grid
current during case 1. current during case 2.
Figure 3.15 Simulation waveforms of the CSR.

Time (s)

3.4 Dual-bridge current source converter

The dual-bridge CSC is mainly used in medium-voltage high-power applications,
where the switching frequency is limited and low THD grid current is required. This
section discusses the dual-bridge CSR and the dual-bridge CSI. In [6, 8, 45, 46], the
dual-bridge CSR 1is proposed as an active front end converter for medium-voltage
high-power applications, where the switching frequency is limited to 350Hz without

compromise to the converter’s ability to control output active and reactive power

independently.
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3.4.1 Dual bridge current source rectifier

Figure 3.16 show the dual-bridge CSR, which consists of two identical CSR
connected in series and sourced by a phase-shifting transformer with secondary and
tertiary windings delta and star connected. The primary winding is star connected.
The delta winding is shifted by 30°. In the dual-bridge CSR, the transformer is used
to cancel the Sth, 7th, 17th, and 19™ harmonic currents [47, 48]. SHE is used to
climinate the 11™ and 13™ harmonics and control the fundamental current
component, which in turns controls the dc-link current. With this arrangement, dual-

bridge CSR draws sinusoidal input currents with a low switching frequency of

350Hz.
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Figure 3.16 Dual-bridge CSR.

Dual-bridge CSR modelling
Figure 3.17 shows the single line diagram of a dual-bridge CSR, assuming the line-
to-line voltage of all windings are equal: vy=vs;=vgy,and the turn ratios of the
transformer secondary and tertiary windings relative to primary are N;/N,=1 and
N1/N5=1/3 respectively. Equations (3.47) to (3.53) describe the dynamic model of
the dual-bridge CSR:

diy | (3.47)

iy =iy +i, (3.48)
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il

di
Vo1 = Lrl 7;1 +Ver (3 49)

di
Vs2 :L;-27St2+"0r2 (3.50)
av, ..
Crl dCt’rl =l i (35 1)
av, . .
Crz dc;rz = l.§'2 —L (3 .52)

Vinl + Vin2 = de

diy,
iy, (3.53)

Where v, is the transformer primary phase voltage, v and vy, are the transformer
secondary phase voltage, is supply current, isjand is, are the transformer secondary
currents, verand vep, are the voltage across the two CSR bridges, C;; and Cy, are the
two CSR bridges ac side C-filter, Vi,; and Vip, are the input voltages of the two CSR
bridges, L4 is dc-link inductance, Vp is load voltage, Ls is the primary leakage
inductance plus the inductance of the supply lines, and L;;and L, are secondary Y

and A leakage inductances- made equal[49].

CSR

-1 CSR

CrZ

T

Figure 3.17 Single line diagram of dual-bridge CSR.

Harmonic cancellation
The single line diagram of the dual-bridge CSR in Figure 3.17 is used to simplify the
analysis for the harmonic current cancellation in the primary side of the phase
shifting transformer, The transformer primary current or the supply current i is given
by equation (3.48). For a three-phase balanced system, the line currents of each

transformer secondary winding is; and is; can be expressed as [46]:

69



il

1

= Y. lysin(e) (3.54)

n=15,7,11,13
iy = Z f,lsin(n(wt+5)) (3.55)
n=15,7,11,13

I, is the peak of the n™ order harmonic current and ¢ is the phase shift angle.

In referring is; to the primary, the harmonic currents remain unchanged, and to refer
is», the phase angles of the harmonic currents must be introduced where (Zi;z =ZLig-0
for n =1, 7, 13,... and Zi,, = Zi, +6 for n =5, 11, 17,...). ig;and ig, can expressed as
follows [47]:

i'sl =f1 sinwt+f5 sin5a1t+f7 sin7wt+f11sinlla)t+f13sinl3wt+... (3.56)

i = i I, sin(n(et+8)-5)+ Z I, sin(n(ot +5)+05) (3.57)

n=1,7,13,... n=51117,...

For 6= 30° equation (3.57) can be rewritten as:

i;z :fl sinwt—fs sinSa)t—f7 sin7wt+f11sinlla)t+f13sin13a)t—... (3.58)

Then by substituting equations (3.56) and (3.58), the transformer primary harmonic

current will be:

i, = Z(fl sinat + I sinl 1wt+f13 sin13at +i23 sinl3a)t+...) (359)

From equation (3.59)the 5™ 7™ 17" and 19™ harmonic current components are

cancelled from the primary current.

Filter capacitor
The dual-bridge CSR equivalent circuit for resonant mode is show in Figure 3.18.
The converter admittance can be written in terms of filter capacitance and

transformer inductances [8, 49, 50]:
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Y, =SC, + (3.60)

e
SLy  S°L.C,. +1

The parallel resonant frequency can be calculated from the zeros of the Y(s)

admittance:
__ 1 3.61
@ LC, ( )
) = N S (3.62)
(2L, +L,)C,

@, depends on the transformer secondary leakage inductance. Since SHE eliminates
the 11" and 13" only and the transformer secondary current contains the Sth, 7“’, 15%
and 17", resonance may occur in the converter input current (i or i2). So it is best to
position the first resonant frequency between 11 to 13 pu. The position of the second

resonant frequency will be shown in the simulation section.

Cr1J—
: : Iy Ly Iy

Cr2 T
Figure 3.18 Dual-bridge CSR resonant mode equivalent circuit.
v Control strategy
The dual-bridge CSR is required to provide a reliable dc output voltage with high
power factor sinusoidal input current. In the proposed dual-bridge CSR controller,
the input primary winding current is controlled. This will reduce the number of
current sensors and decrease costs and controller complexity. Figure 3.19 shows the
proposed controller of the dual-bridge CSR, which is similar to the controller

proposed in Figure 3.14 for the CSR, but the lower converter (connected to the A



transformer winding) receives the angle a+wt plus a phase shift of 30° to compensate

the magnetic phase shift introduced by the transformer winding.
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Figure 3.19 Dual-bridge CSR controller.

Simulation results

The dual-bridge CSR controller performance is tested according to the following
sequence. Initially, the reference dc load voltage V'Lis 3kV (case 1); and at =3s, the
reference dc load voltage V'L is increased from 3kV to 6kV (case 2); and at /=6s, a
load increase is applied by connecting a shunt resistor of 14.2Q to the existing load
resistance (case 3). During all three cases, the reference reactive power is zero. This
operation sequence is chosen to examine the dynamic performance of the dual-bridge

CSR previously discussed.

In this simulation, the transformer secondary leakage inductance is 0.1pu and the
transformer primary side inductance plus the supply inductance is 0.15pu. According
to equation(3.61), the capacitance varies from 0.06 to 0.083pu. From equation(3.62),
the second resonance frequency mode will vary from 5.5 to 6.5pu. The second
resonance will not excite because the lowest harmonic in the primary current is the
23", The transformer leakage inductances and core losses are the same pu values in

the PSCAD/EMTDC library and are representative of a standard device[51].

Figure 3.20 and Figure 3.21 show the PSCAD/EMTDC model simulation results and
the system parameters are given in Table 3.6. Figure 3.20 shows that the proposed
controller successfully tracks the reference load voltage signal with minimal transient
time. The results in Figure 3.21 show the performance of the controller during the
step increase in the load. From Figure 3.21(a), the grid current in both cases was
sinusoidal and in-phase with the supply voltage. Also the proposed controller

successfully provides fast response and recovery from the step load increase in less
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than one cycle. Figure 3.21(b) shows the dc-link current increases smoothly to

compensate the load increase.

The results in Figure 3.20 and Figure 3.21 confirm that the dual-bridge CSR with the
phase-shift transformer is able to provide a secure dc voltage to the load with good
dynamic performance, controlled reactive power, high quality sinusoidal current and
minimum switching frequency per CSR bridge -350Hz. This qualifies the proposed

dual-bridge CRS for operation in high-power medium-voltage application.

Table 3.6 Dual-bridge CSR system parameters.

Parameter Value
Grid voltage 3.3kV
Grid frequency 50Hz

Phase-shift transformer rated voltage | 3.3kV
Phase-shift transformer rated power | 5.1MW
Phase-shift transformer core losses 0.01puOr 51kW

ac-side capacitance C;yand Cy 60uf A connection
dc side inductance Lg, 0.01H
dc-side Capacitance Cgy. 75 uF
Load resistance 14.2Q
step load resistance 14.2Q
[ ] (]
g !
6.0 4 : -
L] 1
L) L]
50 _ {
I~ Case 1 Case 2 ‘ Case3
-‘\5- 4.0+ * :
O V de :
¥ !
,_‘;é 3.0+ f/_\ : :
b [ '
2.0 Vo : H
L] L]
3 :
0.0 1.0 20 3.0 40 5.0 6.0 7.0 8.0 9.0
Time (s)

Figure 3.20 Waveforms of the overall performance of the dual-bridge CSR.
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Figure 3.21 Details of the dual-bridge CSR current during a load resistance step change.

3.4.2 Dual-bridge CSI

Figure 3.22 show the proposed dual-bridge CSI, which consists of two CSI

connected in series, from a three winding phase-shift transformer.
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Figure 3.22 Dual-bridge CSI.

74



il

Control strategy
The dual-bridge CSI controller is shown in Figure 3.23, and is similar to the grid
connected CSI controller shown in Figure 3.8.Here the estimated my and mq are
converted from Cartesian to Polar to derive the modulation index m for the SHE gate
signal generator, and the angle o which is added to angle wt. A 30° phase shift is
added to the lower CSI bridge to compensate the magnetic phase shift introduced by

the transformer A winding, as discussed in the dual-bridge CSR case.

Active power controller
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Figure 3.23 Dual-bridge CSI controller.

Simulation results
This section shows the performance of the proposed dual-bridge CSI in Figure 3.23
and its controller shown in Figure 3.23. The operation sequence as follows: in the
beginning, the reference active delivered power P*g was set to 2.5MW, at =3s, it is
increased to 5.0MW. Figure 3.24 and Figure 3.25 show the simulation results. Figure
3.24(a) shows that the proposal controller succeeds in tracking the reference active
power with minimum oscillation. Figure 3.24(b) shows that the dc-link current
regulator succeeds in tracking its reference with minimum transient time. Figure
3.25(a) shows the three-phase grid current and phase voltage ‘a’ during the step
increase in the reference active power delivered into grid. It is clear that the grid
current increases gradually and smoothly to compensate the increase of the reference
active power, with high quality sinusoidal current with low THD and high power
factor. Figure 3.25(b) shows in detail the dc-link current during the step increase in
the reference active delivered power, it can be observed that the dc-link current

increase smoothly to compensate the step increase in the delivered power.
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Table 3.7 Dual-bridge CSI system parameters.

Parameter Value
Grid voltage 3.3kV
Grid frequency 50Hz
Phase-shift transformer rated voltage | 3.3kV
Phase-shift transformer rated power | 5.1MW

Phase-shift transformer core losses
ac-side capacitance Cjyand Cjp
dc side inductance Lg.

dc voltage source

0.01pu or 51kW
60uF A connection
0.01H

6kV
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(a) Grid reference active delivered power P*g and (b) Reference dc-link current /'y, and de-link
grid delivered power P, current.

Figure 3.24 Waveforms showing the performance of the proposed dual-bridge CSI.
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An additional simulation was performed to shows the performance of the reactive
power controller, where P;=2.5MW is maintained fixed, and Qg is varied from
IMVAr to 0 at /=3s and the then to -IMVAr at =6s. Figure 3.26 and Figure 3.27
show the simulation results. Figure 3.26(a) shows that the proposed controller
delivers constant active power to the grid, only a small change occurs during the step
changes to the reactive power controller reference signal where the active power
controller responds fast to compensate this change. In Figure 3.27(b), the proposed
controller track Qg. Figure 3.26(c) show the dc-link current, which does not change
since the reference active delivered power is kept constant. Figure 3.27(a) to(c) show
phase ‘a’ grid voltage and current, where the grid current in each case is leading, in-

phase, and lagging, respectively.

The simulation results in Figure 3.24 to Figure 3.27 qualify the proposal dual-bridge
CSI for high-power medium-voltage application and shows its ability to control the

grid active and reactive powers independently.
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Figure 3.26 Waveforms show the performance of the dual-bridge reactive power controller.
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3.5 Summary

This chapter presented the analysis for the CSI in island mode, grid connected CSI
and CSR, dual-bridge CSR, and dual-bridge CSI. A conventional proportional
integral controller is used since the system modelling is in dq reference frames. For
the CSI in island mode, the simulation results show that the proposed controller is
able to quickly regulate the load voltage even during a load step change. Several
switching techniques, for the CSI in island mode, were comparedl) mapped
sinusoidal PWM, 2) SVM and 3) SHE. The comparison shows that SVM is the best
modulation technique. A controller for a grid connected CSI is proposed and the
simulation results show good dynamic performance, with the ability to independently
regulate the grid active and reactive powers, with high quality sinusoidal grid
current. The proposed CSR controller also showed good performance on regulating
the load voltage even during step change on the reference output voltage and a step
change in the load. Additionally the controller takes sinusoidal grid current at near
unity power factor. For medium-voltage and multi-megawatt applications, the dual-
bridge CSR and CSI are proposed, because of the feature of harmonics cancelation
due the phase-shift transformer and SHE is used to eliminate the 11™ and 13"
harmonic orders with low switching frequency of 350Hz. The proposed controller

provides the basic requirements such as independent control of active and reactive
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powers, and low total harmonic distortion THD current with a low switching

frequency.
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Chapter 4. Proposed ac-dc Buck-Boost Converters

This chapter describes the operating principles of the proposed ac-dc buck-boost
converters (single-phase, three-phase, and multi-phase), and highlights their distinct
attractive features, such as: buck-boost capability in a single-stage with a single
switch; reduced power circuit components; stable dc voltage output; soft transient
from the buck to the boost mode without different operating regimes; and sinusoidal
input current with near unity power factor. The single-phase buck-boost converter is
suitable for grid interfacing of small-scale renewable ac sources because it has no
requirement for a pre-charging circuit for the dc side capacitor, and it has a simple
linear controller. The three-phase and the dual three-phase buck-boost converters are
suitable for medium-voltage and high-power applications where the switching
frequency is less than 1.5kHz, with sinusoidal input current and near unity power
factor at rated load. The limitation of the three-phase and the dual three-phase buck-
boost converters is that the switching devices are exposed to a high voltage beyond
that which can be tolerated by a single device. In the three-series connected single-
phase buck-boost converters, the dc output terminals are series connected to generate
high voltage. By using this approach, voltage stresses on the switching devices are
greatly reduced. Simulation and experimental results will establish that the proposed
converters have good dynamic performance in buck and boost modes, with near

unity input power factor.

4.1. Review of ac-dc converters with reduced switch count

The uncontrolled diode bridge rectifier provides the easiest way to get a dc voltage
from an ac supply. It consists of four diodes and a dc-side filter capacitor to reduce
the dc voltage ripple, but injects high harmonic current into the ac grid line current.
Much research has been carried out to improve the supply current quality, the power
factor, and to provide adjustable output dc voltage by adding a dc-dc converter after
the diode bridge rectifier [1-5].

This section summarises some of the research into ac-dc converters that reduces the

number of power electronic switches.
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4.1.1 Single-phase ac-dc converters with reduced switch count

Single-phase ac-dc converters with power factor correction (PFC) can be classified
into two categories: single-stage and two-stage converters. Most single-stage ac-dc
converters with PFC employ an H-bridge rectifier followed by a boost converter. The
output dc voltage is therefore greater than or equal to the peak of the ac supply
voltage [6-14]. Power factor correction is achieved by regulating the input inductor
current of the boost stage. Several single-phase single-stage ac-dc buck converters
have been proposed for electrical vehicle battery charging [6, 15, 16]. The authors in
[17-20] proposed a two-stage ac-dc buck-boost converter that offers input PFC
capability. This buck-boost converter requires independent control of the boost and
buck stages, and suffers from control difficulties during buck - boost modes
transitions. Additionally, it requires a large number of semiconductor devices and

passive elements [21].

The single-phase buck-boost converter shown in Figure 4.1(a) was initially proposed
in [22], where nonlinear control is used to regulate the output dc voltage and provide
power factor correction. Although the circuit is simple, the controller requires five
feedback signals, which increase the overall complexity of the implementation, and
potentially cost. The performance is demonstrated in a buck mode only using
simulation, with experimental substantiation. Reference [23] shows another
nonlinear control study on the same circuit, with the authors proposing two control
methods. The first control method regulates current in the dc-side inductor I, instead
of output dc voltage Vqc and it requires an additional stage to adjust the dc output
voltage. The second control method regulates the dc output voltage Vqc directly in a
single stage. However, both control methods use an extremely high switching
frequency of 100kHz, but the supply current THD remains above that specified in
many grid codes and standards (7.47% and 19.81% respectively). Also there are no
experimental results and the simulation results are only in the buck mode. The
bridgeless buck-boost converter proposed in [24] is similar to the proposed buck-
boost converter show in Figure 4.1(a), except the two diodes in the bridge rectifier
are replace with two power electronics withes and a freewheel diode is added to give

a path for the inductance current during the discharging mode.
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Figure 4.1 Schematic of the proposed single-phase ac-dc buck-boost converter and its 4 operating
modes.

4.1.2 Three-phase ac-dc converters with reduced switch count

Three-phase ac-dc converters can be classified into three main categories: buck,
boost, and buck-boost converters.

The buck converters shown in [25-27] have a reduced number of power electronic
switches, three, but the number of diodes is increased and the converters require a
special firing technique. The single switch buck type converter, which basically
consists of a three-phase diode bridge rectifier and a buck converter, with an L-C
filter in the ac side, is presented [28, 29]. The power electronic switch in the buck
converter is switched at 19kHz to 87.5kHz. This high switching frequency forces the
converter input current to track the input voltage waveform. Although the converter
is simple, the voltage stress on the buck switch is high. In [30], the authors use two
buck switches to solve this voltage issue. A similar configuration in [31] is used in a
wind energy conversion system (WECS), where the converter consists of a diode
rectifier, a buck converter, and a current source inverter. In [32], three independent

Cuk converter modules are connected between each supply phase and the neural,

86



with each module performing PFC. This converter has a fast dynamic performance

and high power factor.

The three-phase ac-dc boost converter in [33, 34] uses a single switch with a
switching frequency greater than 20kHz. This high switching frequency allows the
input current to follow the supply voltage shape, and the input filter is only needed to
remove the high-frequency components from the supply current. This converter was
proposed as a WECS active front end converter in [35-40], to provide a stable dc
voltage for a grid-connected inverter, over the wide speed range of a synchronous
generator. A multiple parallel boost unit is proposed in [41] to increase the WECS
power level and decrease the current stress on the power electronic switches. The
main disadvantages of these back-to-back converters are the need to pre-charge the
dc-side capacitor, poor output short-circuit protection in the boost converter case, and
the limitation of output power to a few kilowatts imposed by the boost converter
switching frequency. The converters in [42, 43] use three single-phase ac-dc
modules, where each module is connected between the phase-voltage and neutral.
The main drawback of using an independent module on each phase is that operation

synchronization of each module and three separate converters increase the cost.

The single-stage buck-boost converter proposed in [44] uses a buck-boost converter
after a diode rectifier and L-C ac side filter. It operates at high frequency with
discontinuous phase current in the ac-side C-filter, which results in naturally
sinusoidal input currents. The main drawback is high voltage stress across the buck-
boost switch. References [45-47] present a single-stage buck-boost converter that
also operates in a discontinuous conduction mode (DCM) at a high frequency, and it
uses two switches and two diodes in the dc-side, unlike that discussed in [44]. Also
the configuration requires a complicated firing technique and a high speed digital
signal processor (DSP), since in each sample period during the buck mode, there are
six modes of operation. During the boost mode, there are seven modes of operation.
In addition, the voltage stress on the switches remains high. In [48], the buck-boost
converter configuration in [45-47] is modified by adding a pair of LC resonant
components to each switch, to make the switches turn off with zero current (zero

current switching, ZCS). But adding resonant circuits increases system complexity
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and cost; in addition to a increased peak reverse blocking voltage across the switch

during the off-state.

The three-phase version of the buck-boost converter shown in Figure 4.1(a) was
discarded in [49, 50] on the grounds that it could not be extended to a three-phase
system, due to the discontinuous and non-sinusoidal input current. While in [51, 52]
the three-phase buck-boost converter considered is shown in Figure 4.9(a). It
operates in a discontinuous mode using multi-resonance zero current switching, but
this approach is not suitable for high-power applications since a 25kHz switching

frequency is used.

4.1.3 Multi-phase ac-dc converters with reduced switch count

Multi-phase ac-dc converters with a reduced switch count are frequently used in
high-power medium-voltage applications. The three-phase uncontrolled diode
rectifier causes high current harmonics at the input (grid line current). These
harmonic currents can be reduced by using phase-shift transformers at the ac input
side. The secondary windings are designed so that to the harmonics generated by one
group of diode rectifiers are cancelled by those generated by the other group of diode
rectifiers. In [1, 53-57], the authors use an uncontrolled three-phase diode rectifier
and a multi secondary winding transformer to achieve harmonic cancellation at the
input, and to provide low ripple dc supply voltage with sinusoidal, high quality and

low THD, ac grid current.

The conventional WECS which uses a three-phase PMSG, with a front end converter
consisting of a six pulse uncontrolled diode rectifier followed by a boost converter,
and the proposed WECS which uses a six-phase PMSG and front end converter
consisting of a twelve pulse uncontrolled diode rectifier followed by a boost
converter, are compared in [58, 59]. The simulation and experimentation show that
the dc-side current ripple and pulsating torque are less than the conventional WECS
case by 60-70%. The efficiency is higher by 3%, and the boost converter inductance
is smaller which tends to reduce the initial system cost. In [60] the authors use the
same front end converter but the six-phase PMSG is replaced with a three-phase
PMSG followed by a phase-shift transformer. In [61] a three-phase PMSG is
followed by a three-phase to nine-phase isolation transformer, where each
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transformer secondary winding is connected to a six pulse uncontrolled diode
rectifier followed by a boost converter. Switches are added at the input and output of
the boost converters to parallel and series connect the inputs and outputs
respectively. By adjusting these power electronic switches, the WECS can operate in
three different modes: 1 - series mode for low generator speeds, 2 - hybrid mode at
medium generator speeds, and 3 - parallel mode at high generator speeds. Using the
multi-phase transformer and 18-pulse rectifier improves the stator current and

reduces the torque ripple, and the power level of each boost converter is reduced.

4.2. Single-phase buck-boost converter

Figure 4.1(a) shows the single-stage ac-dc buck boost converter circuit in [62], where
the authors investigated this converter under discontinuous conduction of the dc-side
inductor. The authors only exploit the buck mode of this converter, with power factor
correction. No information is given about the input current waveform shape, modes

of operation or circuit analysis.

The basic converter topology in Figure 4.1(a) includes three main parts: LC filter,
diode rectifier and buck-boost chopper. The diode rectifier bridge is reversed so that
the buck-boost converter gives a positive output voltage. Operating Mode 1 is where
switch S is turned on during the positive half-cycle of the supply vs, shown in Figure
4.1(b). In this mode, supply vs energises the dc inductor Lgc through switch S and
diodes D1 and D2, while capacitor Cqc acts as an energy tank that supplies the load.
Operating Mode 2, shown in Figure 4.1(d), is the freewheeling period, when switch S
is off during the positive half-cycle of the supply vs. The energy stored in Lqc during
Mode 1 is used to supply the load and to recharge capacitor Cq4.. For correct
converter operation, dc capacitance Cqc and dc inductance Lgc must be sized to
prevent discontinuity in the load and inductor currents. Operating Mode 3, shown in
Figure 4.1(c), is when switch S is turned on during the negative half-cycle of the
supply vs. Inductor Lgc is re-energised through switch S and diodes Dz and Da, whilst
the energy stored in dc capacitor Cqc supplies the load. Modes 1 and 3 use the same
switching device to modulate the ac source, and have the same effect on the state of
charge of the dc-side elements Lgc and Cqc. Operating Mode 4 is when switch S is
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turned off during the negative half-cycle of the supply vs. Modes 2 and 4 are
identical.

Differential equations (4.1) and (4.2) describe circuit operation during modes 1 and
3, whilst (4.3) and (4.4) describe circuit operation during modes 2 and 4.

d(;_ttz_z_zsc (4.1)
%:_% (4.2)
dd'_ttzt_z (4.3)
T (4.4)

The negative sign in (4.1) and (4.2) appear because the bridge rectifier is reversed.
Neglecting any resistive voltage drop, the voltage across ac source capacitor Cs is

given by (4.5).

Ves =V L S (4.5)
The mathematical relationships describing steady-state operation are obtained using
inductor zero average volt-second and capacitor voltage balance principles [63]. The
voltage across dc-side inductor Lqc is illustrated in Figure 4.2(a). For simplicity,
assume that the ac source leakage inductance Ls is sufficiently small so that vcs can be
considered equal to vs without significant loss of accuracy, and the convert operate at
constant duty cycle. See Figure 4.1(a). Figure 4.2(b) shows dc-side inductor current
and dc-side capacitor voltage, from which the voltage across the dc-side inductor
within each switching period Ts during operating modes 1 and 2 can be expressed by
vL=-0vcs and vi=(1-8)Vac respectively, where d=ton/Ts and ton is the dwell time of the
switch within each switching cycle. Based on the inductor zero average volt-second

principle [63], the average voltage across Lqc is calculated and is zero as in (4.6).

Vi, :%I[—5VS+(1—5)VdC]da)t=O (4.6)
0
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Where ¢ is the duty cycle of switch S. Assuming a sinusoidal source voltage defined
by vs=Vmsinwt, where Vm is the peak phase voltage, @ is the supply angular

frequency, and t is time, and that the average output dc voltage is defined by

Ve =ijvdc det , then equation (4.6) reduces to
T
0

= 2V,
v, =2 2m (4.7)
1-6 =«
Viae(t) Modes 1 & 3 Mode2 & 4 Modes 1 & 3
| Modes 1 & 2 Mode 3 &4 i Aiy v A, v,
Vi A A A A i L. N |
I e ——] P ————] Aty
Vad(t) P Y Ty 1(s)
_ N Gy N € e ¥
V. — e M \walt)
1 B E}
Y, .
— —— —1— — ()
ol T ol
f'm o - L J L - T -
@) Voltage across dc-side inductor Lgc (b) dc-side inductor current and dc-side capacitor
voltage

Figure 4.2 Waveforms for the proposed single-phase ac-dc buck-boost converter.
[Vm is the peak of supply voltage vs]

Since capacitor voltage balance [63] necessitates the average capacitor current 1,
over one or a number of consecutive switching cycles to be zero, the relationship

between the average inductor current 1. and load average current 1q is

Te :lj[—(sidc +(1-8)(L ~Tee)] dat =0 (4.8)
4 0

In (4.8), the capacitor current in operating modes 1 and 3, and in modes 2 and 4 is

expressed as Ic=-slaand Tc=@1-8)(IL— 1) respectively.

Equation (4.8) can be reduced to

e [Tucton _4=9) [Tidet (4.9)
” 0 i 0
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Equation (4.9) implies
Tge =(@-6)1 (4.10)
In practice, the average inductor current is maintained virtually constant, thus the dc
output or load current 14 remains constant and proportional to the inductor average
current, as given by (4.10). This feature can be exploited to reduce the voltage
stresses on the switching devices of current source inverters and maintain a constant
average input dc current when the proposed buck-boost converter is used as an active
front end. For a resistive load the dc output voltage can be expressed in term of the
average inductor current, as shown in (4.11).
Vg = (1= 8)Ryc I L (4.11)
Lac and Cqc are selected based on the maximum permissible inductor current ripple
and output voltage ripple, Al4c and 4Vqc respectively. Therefore, from equations (4.1)

to (4.4) and Figure 4.2(b), equations (4.12) and (4.13) are obtained.

_ (1—5)1—5 XVdC
Ly = £ e e (4.12)
_ éTs X\7dc
Coe = s (4.13)

4.2.1 Control Stage

The purpose of the controller is to force the ac line current to be sinusoidal and in
phase with the input source voltage, and to control the average output dc voltage in

both buck and boost operating modes.

i. Current control

The required control system structure, for sinusoidal input current at any power
factor, is derived accounting for the ac fundamental frequency and dc-side dynamics.

Since the output dc voltage Ve is dependent on the magnitude of the voltage Vs
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across the input filter capacitor, differential equation (4.14) can be used as the basis

for current controller design.

dis R, s Vo) (4.14)
dt L L,

The voltage ves required to force input current is to follow its control reference is is
unknown, but can be obtained using a PI controller by setting

W= s Vs =k (5 —) K [ € i)t (4.15)

v =k [@ it (4.16)

The current controller transfer function is obtained by substituting (4.16) into (4.15),

and then substituting the result for vs-ves into (4.14).

i R, +k K i
di_ Rerke), v Kol (4.17)
dt L, L L

After Laplace manipulation of (4.17) and (4.16), the transfer function is defined as

kp . ki
1<(s) oL 418
20 2 Rtk K (4.18)
LS LS
From (4.15), vcs can be obtained as
Vs =V —W (4.19)

w represents the PI controller output that regulates the converter input current, and vs
is the supply voltage that is incorporated as feed-forward control to improve the
dynamic response and for controlled start-up. The block diagram of the two proposed
control loops shown in Figure 4.3(a) is derived based on equations (4.15) and (4.19).
The supply current can be controlled to be sinusoidal and to achieve any power

factor ¢, where|g| <%z, provided the controller for (4.18) has sufficient bandwidth so

as not to introduce distortion in the normalized version of the fundamental voltage
component used as a reference to the converter modulator. The gains for the inner

current controller are obtained by comparing the denominator of the equation (4.18)
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with a standard 2" order system s?+2éos+w? , Where & and o, represent the
damping factor and natural frequency. The natural frequency can be decided using

settling time or maximum over-shoot. However, settling is preferred (T, = /fa) ).

Alternatively, simple pole placement can be used, where the denominator of equation
(4.18) is equated to (s+pi1)(stpz2). The controller gains are fined tuned to ensure
sufficient bandwidth as shown in Figure 4.3(b), to reproduce the fundamental current
without any phase shift. With the selected gains of k,=120V/A and ki=2000VAs?,
the closed loop poles are located at -4642 and -17.

p=cos” pf

Gating
signals

PWM

m-min

(a) Block diagram of the proposed two control loops.
5 H T ™ d T X -} T

Magnitude (dB)

.45} d

Phase (deg)

.80k feoccdociodoigaal PRSI e DR DA AP booeodiocdiiodiig il
1 2 3 4

10 10 10 10 10° 10°
Frequency (rad/s)

(b) Bode plots, where k,=120 and k;=2000
Figure 4.3 Two control loops structure and frequency response.
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ii. Voltage Control

Equation (4.4) describes the converter dc-side dynamics and provides a basis for the

dc voltage controller. Assuming a resistive load and substituting for 1 ., results in

(4.20).

Voo~ Vae |, lae (4.20)
dt Rdccdc Cdc

Where v, is the average dc link voltage, and 1, is the average current entering the dc

link node which is equal to the instantaneous dc inductor current I during modes 2
and 4 only. Assuming lossless conversion, power balance dictates that Pac=Pgc.
Therefore

Vgeli =¥Vgmim COS@ (4.21)
Where vem is the peak voltage across the ac side input capacitor and im is the peak
fundamental current. Using (4.7), this can be rewritten as (4.22) from which [; can be

obtained.

- 1y, . V4
I, ==L"cosgxip, =7

Vdc

(1;5) cos i, (4.22)

Equation (4.22) highlights that the relationship between peak fundamental current im
and 1; depends upon quantities such as duty cycle, which may vary according to

operating conditions. Substituting (4.22) into (4.20) gives equation (4.23).

Neg __ Vio \ptm (4.23)
dt Rchdc Cdc

Where A=%ﬂ@008¢

The peak fundamental current in required to maintain the dc link voltage at any
desired level can be estimated using PI control. Assuming that the controller gain

terms also perform the necessary scaling for A in (4.23), im is expressed as
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im = kpdc (V(;c _Vdc) + kich'(Vt;c _Vdc) dt (424)

A= kich.(Vc;c _Vdc) dt (425)

The voltage controller transfer function is obtained by substituting (4.24) into (23),

resulting in (26), whilst the derivative of 4 is expressed in (4.27)

k k *
dVyc :_|: 1 4 _pdc }Vdc +i+ pdc Ve (426)
dt Rdccdc Cdc Cdc Cdc
dﬂ/ *
=—KigcVae + KideVac (4.27)

dt

Taking Laplace transforms of (4.26) and (4.27), and following manipulation, results

in (4.28).
Kpde o, Kige
Vao(5) _ Cac  Cuc (4.28)
Vae(®) g2 {1 +kpd°}s+kidc
Rdccdc Cdc Cdc

Since the dc-side voltage change is much slower than that of the inner fundamental
current due to limitations imposed by the magnitude of its energy storage devices (dc
link capacitor), the gains of the outer controller loop gains are selected such that the
closed loop poles or Eigenvalues are located at -37 and -12.5. The gains
corresponding to these poles are kpac=0.1A/V and Kige=1AV-1s?,

4.2.2 Simulation Study

i Scaled-down simulation

PSCAD/EMTDC simulation software was used to model the buck-boost converter in
Figure 4.1(a), including the current and voltage controllers defined by (4.15) and
(4.24) respectively. For demonstration of the closed-loop performance, a 320W
system with parameters in Table 4.1 is simulated. Initially, the converter is loaded by
a resistive load consists of two series connected resistors of resistance 128Q and
44Q. The load is increased by shorting the 44Q resistor using a shunt semiconductor
switch (Ssh).
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Table 4.1 Single phase system parameters

Parameter Value
supply voltage 50V
supply frequency 50 Hz
ac side inductance 2.22mH

ac side capacitance 1F
dc-side inductance 0.5mH
dc-side capacitance 2200F
switching frequency | 10kHz

Figure 4.4(a) shows the simulation results for the closed-loop controlled converter,
where the dc link voltage is gradually increased from zero to 200V, and reduced to
zero again at t=4.5s. At t=1.505s (at positive peak of the supply voltage), the load
resistance is decreased by turning on the shunt switch Ssn for 1.5s, and this mimics a
step change in output power from 230W to 312W, and then decreased to 230W by
turning off the shunt switch (Ssh). Figure 4.4(a) shows the output voltage has
minimum latency and over/undershoot during the load change. Simulation results in
Figure 4.4(b) display supply voltage and current during the step increase in the
output power. Both remain sinusoidal, with unity power factor (in phase with the
supply voltage), and a rapid and smooth change in supply current is observed during
the load step change. This is achieved with a 10kHz switching frequency, small ac
side filter and dc-side inductance, and a sizable dc-side capacitor as an energy
reservoir to prevent discontinuous load current. The soft start-up and shutdown
feature demonstrated in Figure 4.4(a) makes this converter attractive as a front end
for many grid-connected voltage and current source inverters since no capacitor pre-
charging is required, as is the case with many other converter topologies. Thus,
because of the buck-boost functionality, the inrush currents during start-up are

expected to be minimal.
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Figure 4.4 Simulation results for the proposed single-phase ac-dc buck-boost converter, with
Pratedzszow.

il Converter Scalability

To show the potential for application of the proposed buck-boost converter at higher
power ratings, a 3.8kW version is investigated. Simulation parameters are as in
Table 4.1, except the input supply voltage vs is increased to 220Vrwms and the ac side
filter inductance Ls is reduced to 1mH. To test the converter’s ability to provide

stable dc output under different operating conditions, three cases are investigated:

Case 1: Soft start to prevent high inrush currents into the input and output

capacitors.
Case 2: Dynamic response to a step increase in load from 1.58kW to 3.66kW.

Case 3: Dynamic response to a step decrease in load from 3.66kW to
1.58kW.

Figure 4.5 shows the simulated response of the converter for the three operating
cases. Figure 4.5(a) shows that the converter output voltage Vqc closely follows its
400V dc reference, with minimum latency and over/undershoot, as the load changes.
Figure 4.5 (b) shows the input current during the transition from Case 1 to Case 2,
and demonstrates that it remains sinusoidal with near unity power factor. Figure
4.5(c) shows the dc output power response as the load varies during transitions
between the three operating cases, and demonstrates that the control action is
effective.

4.2.3 Experimental Results

Open and closed loop performance of the buck-boost converter of Figure 4.1(a) is

demonstrated experimentally. The results from the open-loop tests are used to
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validate the mathematical relationships presented in Section 4.2.1, without any
interference from the control system. Closed-loop tests are used to illustrate
converter performance when operated in grid mode, where it must comply with strict
grid code requirements.
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(b) Supply voltage and current during change (c) Output dc power
Figure 4.5 Waveforms illustrating scalability of the proposed buck-boost converter.

i Open-Loop Performance

The parameters used in the experimental validation are specified in Table 4.1. The
open-loop operating scenario consists of five stages to demonstrate converter
operation in both buck and boost modes. In Stage 1, the duty cycle 6 is ramped from
0 to 0.25 and then maintained constant for 0.75s. In Stage 2, ¢ is ramped from 0.25
to 0.5 and maintained constant for 0.75s. In Stage 3, J is ramped from 0.5 to 0.7 and
maintained constant for 1s. In stages 4 and 5, 6 is decreased at rates reflecting those
in stages 2 and 1 respectively. Figure 4.6(a) shows converter output voltage Vqc
during all five stages, which include both buck and boost operation. Figure 4.6(b)
shows the currents in the dc-side inductor, Irqc, the load, lqc, the blocking diode, Ipbg,
and the switch, Is, when 6=0.7. I qc is equal to Is during the on period of switch S,
and equal to Ipng during the off period of switch S. Figure 4.6(c) shows the voltage
stresses on the switch, Vs, the dc-side inductor, Vi4c, and the blocking diode, Voo,

when 0=0.7. From Figure 4.6(c) the average dc-side inductor voltage equals zero
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over one switching (or fundamental) period. Switch voltage Vs is zero during the on
period, and is equal to the sum of the dc-side inductor voltage VL4 and the supply
voltage vs during the off period. The blocking diode voltage stress Vpng IS equal to
the sum of the dc-side inductor voltage Vi4c and the output voltage Vgc during the on
period, whilst it is zero during the off period. These results show that the voltage
ratings of switch S and blocking diode Dng must be sufficient to withstand voltage
stresses related to the sum of the ac source and the dc output (as with all buck-boost
converters). In this experiment, blocking diode Dyq is rated at 600V and 40A, whilst
IGBT switch S is rated at 1200V and 40A.
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Figure 4.6 Experimental waveforms showing open-loop performance of the proposed buck-boost
converter, with load resistance of 172Q.

i . Closed-Loop Performance

The single-phase buck-boost converter in Figure 4.1(a) is operated under closed-loop
control to substantiate the simulation results presented in Sub-section i. The system
parameters and operating conditions are the same as for the simulations. The results

in Figure 4.7 are obtained when the reference dc voltage is changed from 0 to 200V
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and reduced to zero after 14s (this is to demonstrate converter operation in boost and

buck modes).

Figure 4.7 (a) shows that dc output voltage Vqc closely follows its defined reference.
The dc voltage is maintained near constant as load varies. Figure 4.7 (b) shows a
detailed view of the dc voltage across the load, and supply current and voltage at
steady state. The converter operates at unity power factor, with 4.47% THD. Figure
4.7 (c) shows that supply current is and voltage vs, and ramping up of the dc voltage
during start-up, where the input supply current remains in phase and sinusoidal with
the supply voltage as the dc link voltage increases. In Figure 4.7 (d) the output dc
voltage experiences a small decrease during the load change, while the ac side

waveform remains sinusoidal, with unity power factor.

To demonstrate the power quality profile of the input current during buck and boost
modes, Figure 4.8 presents supply current and voltage, and dc output voltage during
different dc link reference voltages (V3.). The waveforms in Figure 4.8(a) to (d)
show the proposed buck boost converter is able to provide high quality sinusoidal

supply current, with nearly unity power factor over a wide operating range.
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4.3. Three-phase buck-boost converter

This section introduces a three-phase buck-boost converter for medium-voltage high-
power applications where the switching frequency is less than 1.5kHz, and provides

the filter design and power factor profile.

4.3.1 Circuit description

Figure 4.9(a) shows that the three-phase ac-dc buck-boost converter being
investigated consists of a three-phase L-C filter followed by a three-phase bridge
rectifier, with a series switch S placed between the bridge and the dc-side inductor
Lac. The three-phase buck-boost converter has seven operational modes, six of which
are conducting modes whilst the seventh is an intervening freewheel mode. The
different conducting modes are defined by the conduction sequence of the three-
phase bridge rectifier diodes, and are shown in Table 4.2. Bridge diode conduction
Mode 1 is shown as an example in Figure 4.9(b). The freewheeling mode (Mode 7)
occurs when switch S is turned off, allowing dc inductor current I, to decrease whilst

charging the dc-side capacitor Cqc and supplying the load, as shown in Figure 4.9(c).

Table 4.2 Three-phase buck-boost converter conduction modes

Operating Mode
Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6
Conduction periodmt 0=60° 602120° | 120<180°| 180<240°| 240=300°| 3002360°
Lower active diode Ds D; D1 Ds Ds Ds
Upper active diode Ds Ds D; D, D4 D4
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Figure 4.9 Proposed three-phase buck-boost converter and illustration of its operation modes

In Mode 1, diodes Ds and Ds conduct as they experience the largest line-to-line
voltage; hence, the three-phase bridge dc output voltage is equal to the instantaneous
ac side capacitor line-to-line voltage vce,. When switch S is in the ‘on’ state, the ac
side capacitor Cs discharges by changing its current direction to supply dc-side
inductor Lqc, where the dc-side inductor current I equals the sum of the ac side filter
capacitor current icc and supply current isc. When switch S is in the ‘off” state, the ac
side capacitor Cs charges and its current icc is equal to supply current isc, as shown in
Figure 4.9 (c) and (d). The following assumptions are made when deriving an

expression for the dc output voltage, Vic.

1. The ac side capacitor operates in a continuous conduction mode.

\/_

2. The three-phase bridge average output voltage is —— V¢, where Vcnm is the peak

fundamental phase voltage across the ac side capaC|tors. The negative sign
reflects the inversion of the bridge output voltage with respect to the load ground.
3. The dc-side inductor current is continuous, increasing linearly from I1 to I during
0<t<t; and decreasing linearly from I to I1 during t:<t<tp, so that Al_=I>-1, as
shown in Figure 4.9(d).
4. The ac side current is sinusoidal and is in ac steady-state during each switching

period.
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Switching utilizes a combination of natural and forced commutation of the diodes,
and a self-commutated switch to achieve balanced current sharing between the
diodes. In Mode 1, the voltage across dc-side inductor Lqgc equals the instantaneous
value of vce. The differential equations describing operation during conduction
Mode 1 are:

dl, _Vee
e (4.29)
AVae _ —lae
e - (4.30)
e = lgc + s (4.31)

Where Is is the instantaneous switch (IGBT) current, icc is the current in the ac filter
capacitor of phase ‘C’, isc is phase ‘C’ supply current, lqgc IS the instantaneous dc
output (load) current, Vqc is the dc load voltage, vce is the line-to-line voltage across
the ac filter capacitors connected between phases ‘b’ and ‘c’, and I_ is inductor

current.

In freewheeling Mode 7, the dc-side equations are:

dly _ Vee

i (4.32)
dvi_ I —lge

o, (4.33)

In this mode, the rectifier input currents ira, irp and irc are zero. Thus equation (4.31)
becomes:

(4.34)

Isc =lec
For phase ‘C’, the ac filter current is:

i —cdvee
e =Cm (4.35)

For the conducting modes, equation (4.29) becomes:
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a1, =38 Wen (4.36)

T de

Similarly, equation (4.32) in the freewheeling mode becomes:

Al = —‘tf:’dc (4.37)
From (4.36) and (4.37):
3V8 tom _ Ve (4.38)
7 Ly Lac
3B 5y el
e =2 =V =165V (4.39)

Since dc-side capacitor voltage balance necessitates that the average capacitor

current over one or a number of consecutive switching cycles is zero (1. =0), the

relationship between the average inductor current I, and the average load current I,

Is:
- 1 ol _ p _
le=— I(—Idc)dt+ I(lL—ldc)dt}o (4.40)
0 oT
T =(1-5)TL (4.41)

Therefore, for a resistive load, the average dc output voltage V4. can be expressed in

terms of average inductor current I,..

Ve =(1—8)Rge I (4.42)

Since the switch current Is equals the inductor current I, in the conducting modes, the

relation between the average switch current I and the average inductor current I, is:

Is=6lL (4.43)
The relationship between average switch current I and the average output current I,

can be derived by substituting equation (4.41) into (4.43):
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Ts: o Tdc (444)

The relationship between the supply phase current and the average output current /.

can obtained by substituting (4.44) into (4.31):

dv, 5 =
igs =—C _dctbc t gl (4.49)

Assuming lossless conversion, power balance dictates that power into the converter

equals the dc output power:

3.
E'Rm_ fundVem =Vacldc (446)

Where irm fund IS the peak fundamental converter input current. Substituting (4.39)
into (4.46) gives:

iRm_ fund :& J Tdc (447)

The rms current in switch S can be calculated as [63]:

2

AIL

Iy s = 1LNG [L42| 2 (4.48)
- 3 1L

Equation (4.48) can used to calculate the per-phase rms converter input current ir_rms:

2
iR—rms = \/gls_rms =\/§|_|_\/g 1+ 1(1/2AIL] (449)

sl

To facilitate rectifier input current analysis, the dc-side inductance Lgc is assumed
sufficiently large so that the dc-side inductor current is constant (ripple free) and
equals I;.. Figure 4.10 shows rectifier input current during one fundamental cycle,
and during one carrier cycle, and shows that this three-phase buck-boost converter
operates with a constant duty cycle. A triangular carrier is used to ensure good
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harmonic performance, with the current pulses centred within each carrier period, as

shown Figure 4.10.

Rectifier input current within one fundamental cycle
e e e e,

i A One carrier cycle

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

7 - e
N | 2dn ;
Nl |
A ! 7 !
I, L/ |
i i
St . o i
| I

- 0 T

Microscopic version of the rectifier input current within
one carrier cycle

Figure 4.10 Rectifier input current during one carrier cycle.
The spectrum of the rectifier input current ir can be obtained using the double

Fourier series in complex form [64]:

5 Ur o

1 £ on & or
ir(m,n):2_2 _[ J. ILeJ(mX+”y)dxdy+I J. I,ed ™M) dydy (4.50)
i z 5 1z _s5¢
6 6

Where y=wol and x=wct, wo and wc respectively represent fundamental and carrier
frequencies in rad/s, and m and n respectively are the orders of the carrier and

baseband component harmonics.

The baseband harmonics of the rectifier input current ir are computed by setting m=0
in (4.50), yielding:

ir(o,n) = Aon + JBon = JZN{:% (4.51)
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Equation (4.51) is valid for all n that represent odd and non-triplen harmonics;

2\/_5I

otherwise Con=0, meaning that Aon=0 and Bon= The peak of the rectifier

input fundamental component irm_fund 1S Obtained with n=1, so that:

_2BsIL_2B & Tue (4.52)

i =
Rm_ fund = T T 1-o5

The peak fundamental current obtained from the double Fourier series (4.52) is the
same as that obtained from the power balance equation (4.47). This validates the

input current analysis presented.
The carrier frequency harmonic components are obtained by setting n=0 in (4.50),

yielding:

CITIO = Amo + JBI’T'IO :%Sln(é‘mﬂ') (4.53)

From (4.53), Ano =75 — 4“ and Bmo=0. The peaks of the 1% and 2" carrier frequency

components can be obtained by setting m=1 and 2 respectively.

The sideband harmonics are obtained by computing (4.50) for non-zero m and n as:

il 1
Cron = Ann + JByn = Thi LZ Sin(5m7r)sin[1nﬁJe’E”(M) (454)
nmz 3

From(4.54), Amn=0 and 8,,, =2 L sin(am;r)sin(%nnje’%”(”*” , and from the double Fourier
T

series, the rectifier input current expressions are:

ir(t) = % Ay + Z:(AOn cos naxt + By, sinnayt) + Z(Amo CoSMayt + B SinMat)
n=1 m=1 (455)

£ (A €OS((Meg + Nep)t) +Bryy sin((mes; + nep)))

m=1n=—o0

i(t)=——— 2\/§5| L Z sinn t+4I—LZ—S|n(5mzr) cos Ma,t
oo m-1 (4.56)
4| L Z Z —sm(&m;r)sm( nn]e 2 7 sin((may, + nay)t)

m=1ln=-ow0
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The first term in (4.55) represent the dc-offset when n=m=0. The first summation (

n=1---) defines the fundamental low-frequency harmonics which include the low-
order undesired harmonics. The second summation (}.;—;...) corresponds to the
high-frequency carrier wave harmonics. The third summation (3 7=1 > %c-..) refers
to the sideband harmonics, which exist as groups around the carrier harmonic
frequencies [64]. Equation (4.56) provides a theoretical solution for interpreting the
ac harmonic distribution of the converter under investigation, including basebands,
carrier frequency, and sidebands harmonics. Also, equation (4.56) assists filter
design as it provides information about the location of the dominant low-order and

switching frequencies to be eliminated.

4.3.2 Control Stage

The proposed buck-boost converter provides a stable output dc voltage using the
simple control structure in Figure 4.11 that consists of outer voltage and inner current
control loops. In the voltage control loop, the reference dc voltage Vac rer i
subtracted from the load voltage Vg m, and then the voltage error is input to a Pl
controller, which generates the reference average inductor current Iy .¢. A current
limiter is used to provide overload protection. I, ¢ is the input to the current control
loop and is subtracted from the average inductor current I;.. The resulting error is
input to a PI controller, whose output is compared with a triangular carrier wave to

provide the gating signal required to control the buck-boost converter switch.

Comparator

/ :
L_ref
PI |-—>|7|C — PI
Current —" > gate
limiter IL

AAA

Figure 4.11 Three-phase buck-boost converter control circuit.
4.3.3 Filter Design

Like the current source rectifier, the phase current conduction period of the buck-
boost converter is %n radians per half-cycle. The design of the ac side LC filter
depends on several factors, such as the rectifier switching frequency (which is

between 512Hz and 1.2kHz for medium-power applications), LC resonant mode,
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required line current THD, and input power factor. Equation (4.51) can be used to
show that the converter input current contains high levels of the 5" and 7%
harmonics. The cut-off frequency of the ac-side filter is therefore selected to be 2.5
times greater than the supply frequency f (50Hz in this case) and the input filter
capacitance is 0.33pu, which is within the normal range for capacitance in high-
power PWM-current source rectifiers that use a low switching frequency [65].
Simulation results for different operating conditions show that for acceptable supply
current THD; the ac filter cut-off frequency must be 2.4. On this basis, the ac side

filter inductance Ls can be calculated as shown in (4.57) and [31]:

2405 = Llc (4.57)
‘\’ S™S
1
- 4.58
5.7605°C, (4.58)

Where wg is the base frequency in rad/s, Cs is the ac side filter capacitance, base
capacitance CB:%’BZB’ base inductance LB=Z%) o and Zg is the base impedance
[66].

1 Zs

= = =0.53Lg (4.59)
5.760g2( 250y 19wg

gty

Ls

Equations (4.60) and (4.61) express the ac side filter parameters based on rated line-
to-line voltage V.. and desired converter input power P in a star configuration, while

equation (4.62) specifies the filter capacitance Cs in the delta connection case.

L =o.53L (4.60)
2rf P
C,=0.33 P 5 (4.61)
27Z'fV|_|_
P
C, =011 4.62
s =0l oy (4.62)
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4.3.4 Power factor analysis

Based on simulation and experimental results obtained under different operating
conditions, the proposed buck-boost converter power factor profile depends on the
converter input power, and is independent of operating mode (buck or boost). Figure
4.12 shows the power factor profile at different load conditions, using the filter
values based on equations (4.60) and (4.61). The input power factor varies in the
narrow range between 0.98 and 1 when the converter input power is varied between
0.8pu and 1.2pu. Between input powers of 0.7pu and 0.8pu, power factor varies
between 0.95 and 0.98. Below this operating range, the converter input power factor

decreases to 0.85 at 0.5pu of rated input power.

4.3.5 Three-phase buck-boost converter simulation

This section presents simulation results of the proposed buck-boost converter, using
the PSCAD/EMTDC environment, with the converter operating in buck and boost
modes. The converter parameters used in both the simulations and experimental

validation are listed in Table 4.3.
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Figure 4.12 Power factor profile of the proposed buck-boost converter.
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Table 4.3 Three-phase converter buck-boost parameters

Parameter Value
Rated input power 1800w
Input supply line-to-line voltage 75V
Supply frequency 50Hz
AC side per phase filter capacitance (delta-connected) | 115F
AC side per phase filter inductance 5.7mH
DC-side inductance 5mH
DC-side capacitance 3300F
PWM switching frequency 1.2kHz
Load resistance 26Q

i Scaled down simulation

Experimentation and simulation are both conducted at a rated input power of
P=1800W. From equation (4.60) the ac side inductance is 5.3mH (experimentally,
5.7mH inductance is used due to availability), while from equation (4.62), the ac side

filter capacitance is 112F (experimentally, 115F capacitors due to availability).

The reference dc voltage Vac ref IS passed through a 1Hz low-pass filter to ramp any
step change in the dc reference voltage Vac ref . This ensures controlled charging of
the bulky dc-side capacitor filter, avoiding the need for a capacitor pre-charge circuit.
The dc voltage reference is initially Vac_ref =154V. At t=3s, the reference is stepped to
Ve ref =174V, then at t=6s, the reference is stepped to Vac ref =204V. These values

correspond to 0.55pu, 0.72pu and 1pu rated input power, respectively.

Figure 4.13 shows simulation results when the converter is operated from a 50Hz
three-phase ac supply. Figure 4.13(a) shows the dc output voltage, where the
converter is able to provide stable dc voltage with soft start-up. Figure 4.13(b) shows
the supply current, which increases smoothly without overshoot or oscillation.
Figure 4.13(c) shows the active input power at each output voltage. Figure 4.13(d)
shows a detailed view of the three-phase supply current and phase-a voltage at Vc_ref
=174V, where the supply current has a THD=4.05% and a power factor of 0.956.
Figure 4.13(e) shows a detailed view of the three-phase supply current and phase-a
voltage at Ve rer=204V where THD is 4.4% and the power factor is 0.999. The
results in Figure 4.13 establish that the proposed three-phase buck-boost converter

can provide high-quality sinusoidal input current at power factor dependant on
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converter rated power, as mentioned in sub-section 4.3.4 and as shown in Figure
4.13.

il Three-phase buck-boost converter scalability.

To investigate the potential applicability of the proposed buck-boost converter in
high-power, medium-voltage applications, a 1MW version is connected to a 3.3kV
line-to-line ac supply, with parameters listed in Table 4.4, was designed and
simulated. Initially, the reference dc voltage the converter presents across 150Q2 load
resistance is set to 10kV. At time t=0.75s, the load resistance is reduced to 100 Q to
test the dynamic response of the proposed converter. The simulation results are
displayed in Figure 4.14. In Figure 4.14 (a), the dc output voltage is ramped from 0
to 10kVqc, and also overcomes the step increase on the load with minimum under
shoot. Figure 4.14 (b) shows that the converter draws sinusoidal supply current with
low distortion, the supply current THD is 3.6% and the power factor is 0.92 during
case 1, and during case 2 supply current THD is 4.1% and the power factor is 0.99.
The expected voltage stress on switch S, for a 3.3kV input line to line voltage and
10kV output dc voltage, is 3.3 x ¥V2 + 10 = 15.7kV, as shown in Figure 4.14(c),
implying series device connection. The dc-link inductance current is shown in Figure

4.14(d), where the inductor current is continuous and increases from case 1 to case 2
to compensate the step load increase.
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(e) Input supply three-phase currents and phase-a voltage at Vgc_rei=204V
Figure 4.13. Simulation of the three-phase buck-boost converter during buck and boost operation
modes.
Table 4.4: Proposed buck-boost medium-voltage system parameters.

Medium-Voltage System Parameters Rating
Rated power 1MW
Input supply line-to-line voltage 3.3kV
Supply frequency 50Hz
AC side per phase filter capacitance (Y-connected) | 96uF
AC side per phase filter inductance 18.3mH
Dc-side inductance 10mH
Dc-side capacitance 2200uF
PWM switching frequency 1.2kHz
Load resistance 17.4Q
10.0 N !
L !
80 V*, Vi ; R
§ 6.0! ! :;‘
EJ Case | 1 Case 2 ’f:c
3 40 1 3.
2 0V :
0.0/ ! -3.
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.72 0.74 0.76 0.78 0.8
Time(s) Time(s)
(a) Output dc voltage. (b) Input supply current (multiplied by 2) and
phase-a voltage in steady state.
17:5: Case 1 | Case 2
15.0
::: 125
;"‘C 10.0
= 1101 1104 1107 1.110 008 7 0.75 0.80 0.85 0.90
Time(s) Time(s)
(c) Output power. (d) Switch voltage stress.

Figure 4.14: Simulation waveforms for a LMW system, illustrating scalability of the proposed three-
phase buck-boost converter.

4.3.6 Three-phase buck-boost converter experimental results

Experimental results for a 1.8kW version of the proposed three-phase buck-boost
converter are presented in Figure 4.15 and Figure 4.16 to substantiate the theoretical

discussion in Section 4.3.1 and to confirm the simulations presented in subsection i.
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The parameters used for both simulation and experimental validation are listed in
Table 4.4.

Figure 4.15(a) shows the output voltage during start-up from zero to 154V (buck
mode), where the voltage build-up is stable and gradual. Figure 4.15(b) shows dc
output voltage during steady state, and during the transitions from 154V to 174V and
from 174V to 204V (boost modes). Figure 4.15(c) and (d) show the three-phase input
currents and phase a voltage, where Ve ref =174V and Ve rer =204V respectively.
The input currents are continuous and sinusoidal with limited distortion and near
unity power factor, as with the simulations in Section Ill. These results establish that
the presented ac-dc buck-boost converter could be used as an interfacing converter
for permanent magnet wind-turbine generators, without the risk of pulsating torque
that results with uncontrolled diode bridge rectification.

Figure 4.16(a) shows dc-side inductor current I, dc load current lgc, and switch S and
diode Dyg currents Is and Ipg respectively. From Figure 4.16(a), the current I_ in the
dc-side inductor increases during the ‘on’ period and is equal to the switch current Is,
while during the ‘off” period the current in the inductor reduces and is equal to the
blocking diode current Ipa. The voltage stresses across the dc-side inductor Vi,
switch Vs and diode Vpg are shown in Figure 4.16(b), from which the inductor
voltage V. equals the supply voltage during the ‘on’ period and equals the output dc
voltage during the ‘off’ period. The maximum switch voltage stress (Vs-max) iS the
sum of the peak line voltage across the ac side capacitors and the dc output voltage
during the off-period. The maximum voltage stress on the blocking diode (Vbd-max) IS
the sum of the peak line voltage across the ac side capacitors and the dc output

voltage during the on-period.
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(a) Output dc voltage during start-up from zero to (b) Output dc voltage during transitions from
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154V 154V to 174V and from 174V to 204V
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(c) Detailed view of the three-phase supply (d) Detailed view of the three-phase supply
currents and phase-a voltage at 0.72pu of rated currents and phase-a voltage at 1pu of rated input
input power power.

Figure 4.15: Experimental waveforms for the 1.8kW prototype three-phase buck-boost converter
demonstrating its practical viability.
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(a) dc inductor currents, output dc current, bridge  (0) Voltage across dc-side inductor,
rectifier output current, and dc blocking diode semiconductors switch S and blocking diode Dpg.

(Dya) current.
Figure 4.16: Experimental voltage and current waveforms for the dc-side inductor, blocking diode and
switch at the rated output voltage Vg rer=204V.

The results in Figure 4.16 aid in the determination of the current and voltage ratings
of the dc-side inductor Lqc, switch S, and blocking diode Dng. The results presented
in Figure 4.15 and Figure 4.16 establishes that the proposed buck-boost converter is a
viable candidate for high-power, medium-voltage ac-dc applications. Table 4.5,
which summarises the converter’s performance, shows that the supply current has
low THD and high power factor over a wide operating range. At 98%, the efficiency

of the proposed buck-boost converter is good. The 2% power loss is due to:

e dc and ac copper resistance losses in the dc-side inductors.
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e Semiconductor power losses, from the effective series connection of two diodes
and an IGBT switch.

e Forward voltage drop across the power diodes (2.3V at 25<C), and IGBT forward
voltage Vce (1.95V at 25<C): these would be less significant at higher supply
voltages.

Overall system efficiency is also reduced due losses in the ac side inductor.

Table 4.5 Overall performance summary of the proposal buck-boost converter.

Input Input T Output dc | Output dc | Overall éﬂfr%lr{t Colrr]]veur:er Converter
Power Power Factor Voltage Power | Efficiency THD PO\FI)VGI’ Efficiency
W) | (e V) W) |0 | e | w (%)
1800 1 0.996 204 1606.7 0.89 3.94 1625W 0.985
1300 0.722 | 0.955 174 1164 0.895 4.14 1185W 0.98
1005 0.55 0.873 154 915.6 0.91 3.87 927TW 0.987

4.4. Dual three-phase buck-boost converter

Figure 4.17(a) shows the proposed dual three-phase buck-boost converter which is
composed of a three phase supply connected to the primary side of phase-shifting
transformer. The secondary and the tertiary windings are star and delta connected
respectively, and each winding is connected to an ac side capacitor filter Cs and a
three-phase diode rectifier bridge. The two three-phase diode rectifiers (D1 to i12) and
the power electronic switch S are connected in series. The converter has 12 active
conduction modes when the switch S is on as summarized in Table 4.6, and one
freewheeling mode when the switch S is off. The operating principle is similar to the

three-phase buck-boost converter.

The average output of each bridge is -1.654Vm1 and -1.654Vm2, where Vi and V2
are the peak fundamental of the two transformer secondary line to line voltage
respectively and Vmi=Vm2=Vm. Similarly as described in the three-phase buck-boost

conversion section, the converter voltage gain is:

kNEI) 5
Vg =222 v =33—V 4.63
dc T 1-6 m 1-5 m ( )
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4.4.1 Filter design and power factor performance

The converter admittance can be written in terms of the filter capacitance and

transformer inductances [67-69] as:

Y(s)=SCs+ 1 (4.64)
SL, + T sCGs
sk, S2L.Cs+1
Table 4.6 Dual three-phase buck-boost converter active modes.
Modes 1 2 3 4 5 6
ot 0-30 30-60 60-90 90-120 120-150 150-180
Active diode | Dy,Ds,Ds&D1o | D2D4,Ds&D1o | D2,D4,De&D1p | D3,D4,De&D1o | D3,D4,De&D1; | Ds,Ds,Do&Dis
Modes 7 8 9 10 11 12
ot 180-210 210-240 240-270 270-300 300-330 330-360

Active diodes

Ds,D2,D7&D1

D1,D5,D7&Du

D1Ds,D7&Dn.

D1,D6,D7&D1.

D1,D6,Ds&D12

D2Ds,Ds&D1.

Phase shifting
transformer

Figure 4.17: Dual three-phase buck-boost converter.

Where Ls is the primary leakage inductance plus the inductance of the supply line,

and L. is the transformer secondary leakage inductance. L is the secondary leakage

inductance where the transformer designer ensures the Y and A leakage inductances

are equal [69]. The parallel resonant frequency can be calculated from the zeros of

Y(s) admittance:
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= (4.65)

1
S S 4.66
AN CTRRT TN (4.66)

The transformer is used to cancel the 5™, 7", 17" and 19" harmonic currents [66,
70], and @, depends on the transformer secondary leakage inductance. Since

transformer leakage inductances are known, the ac-side C-filter is selected such that
the cut-off frequency is placed at nine times the base frequency (9wg). With an ac
filter designed on this basis, simulation studies show that acceptable supply current

THD is achieved over the full control range.

4.4.2 Modified dual three-phase buck-boost converter

Switch S and blocking diode Dng experience high voltage stress, equal to the output
voltage plus peak fundamental of the two transformer secondary line to line voltages
(VactVm1+Vm2 ). This high voltage stress would limit use of the proposed buck-boost
converter in high-power medium-voltage applications. Figure 4.18 show a modified
configuration that aims to share the voltage stress experience in the version in Figure
4.17 between the two switches (S: and S2) and also between two blocking diodes
(Dod1 and Dugz2). In this configuration, the dc side inductance is realized as centre tap
inductance (with Ldci=Ladc2), and two dc side capacitors (Cqc1=Cdc2) are connected as
shown in Figure 4.18. The modified circuit retains the simplicity and performance of

the original circuit, and switches S; and S receive the same gating signals.

D
== == == Dyf D:] Dy Ibd IbC
S ™
“ Cdc
33
— i 8
)
Phase shifting S, C"C__
transformer é.lc|c.| DD NDi3 Dy

Figure 4.18 Modified configuration to share the voltage stress on the power switch and blocking diode
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4.4.3 Simulation validation

The system parameters are given in Table 4.7. The operating sequence is the same
operating scenario of the scalable three-phase buck-boost converter in subsection
4.3.5. The transformer primary side inductance plus the supply inductance is 0.15pu,
and the secondary and tertiary leakage inductances are the same and equal to 0.1 pu.
The ac-side C-filter is selected such that the cut-off frequency is nine times the base
frequency (9ws), and according to equation (4.65), the capacitor size is 0.123pu.
With this capacitor bank and these transformer parameters, the converter system has
unity power factor at rated load, leading input power factor higher than 0.95 at loads
vary from 0.6 to 1 pu, and power factor higher than 0.9 and less than 0.95 at loads
vary from 0.45 to 0.6 pu, as will show in the simulation results. Figure 4.19(a) show
that the proposal converter is able to track the reference output voltage, with
minimum overshoot when the load resistance is halved. Figure 4.19(b) show three-
phase supply current and phase ‘a’ voltage during a step load increase. From Figure
4.19 (b) the proposed converter draws sinusoidal current from the supply, with 0.935
power factor leading at case 1 and unity power factor when the load resistance is
decreased to 100€Q2. The switch S is exposed to a voltage stress of 10kV
approximately; see Figure 4.19 (c). Figure 4.19 (d) shows the dc-link inductor
current where it increases to compensate the step load.

Table 4.7 Parameters of modified dual three-phase buck-boost converter

Parameter Value
Rated power 1MW
Supply voltage 3.3kVL-L
Supply frequency 50Hz
Switching frequency 1.2kHz
5MVA phase shift
Transformer rated power transformer
Primary side 3.3kV / two
Transformer rated voltage secondary sides 3.3kV
AC-side C-filter Two 36 | three-phase
bank
DC-side inductance Central-taped 8mH
inductance
DC-side capacitance Two 2200
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Figure 4.19 Waveforms show the overall performance of the proposed dual three-phase buck-boost
converter.

4.5. Three series-connected single-phase buck-boost converters

To further reduce the voltage stresses in the semiconductor devices, the three series
connected single-phase buck-boost converter in Figure 4.20(a) is proposed, which
uses three single-phase buck-boost modules. The ac terminals of the diode bridge of
each phase are connected to three single-phase transformers with isolated secondary
windings, while the primary sides can be connected star or delta; however, star
connection is shown in Figure 4.20(a). This converter has a reduced voltage stress
per active switch (S1, Sz and S3) and blocking diode (Dud1, Dod2 and Dyds): reduce to
the line-to-neutral voltage plus Y5 the output voltage. The proposed converter in
Figure 4.20(a) can operate under continuous or discontinuous dc-link inductance
current modes (CCM or DCM). Its operation modes and control strategy in CCM are
the same as discussed in section 4.2 for the single-phase version. The output dc

voltage for the three-phase buck-boost converter in Figure 4.20(a) is:

V, =3x -2 2n (4.67)
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45.1 DCM analysis

For simplicity, the analysis during DCM operation is carried out on a per phase basis,
and then extended to the three-phase version. Per phase analysis of the output dc

voltage of a single-phase full-bridge diode is adopted.

Assume the switching and supply fundamental frequencies are fs and f, during the
analysis of each switch period the supply voltage is assumed fixed, and the voltage
drop in the series elements of the input L-C filter is assumed to be sufficiently small
to be neglectable. Figure 4.20(b) shows the single-phase ac-dc buck-boost converter

being studied has three operating intervals in DCM:

First interval (0 <t<ton): This mode represents the situation when the switch S is on
and the dc-link inductance Lq4c is being energised from the supply, and dc-side
capacitor supplies the load with near constant current if its capacitance is sufficiently
large. In this interval, the dc-link inductance voltage and current, and dc capacitor

current are:

VI (1) = |V (t)| = Vi sin ot (4.68)
di (1) Vim sin ot (4.69)

dt Lac
o (t) =0 (4.70)

R

After solving these equations, i.(t), in this interval is:

iL(t):Wt (4.71)

C

With fs being selected to be much higher than supply frequency f, (4.71) can be used
to approximate the peak inductor current (ILmax) at the instant when the switch S is
turned off (at t= ton=075s).

AL P (4.72)

L max s
dc
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Second interval (ton <t<tx): This represents the period when switch S is off and the
dc-link inductor supplies the load and charges the dc-side capacitor. The voltage
impressed across Lqc is equal to the load voltage but with negative polarity as shown
in Figure 4.20 (b). Thus, the dc-link inductor voltage and current, and dc capacitor

current are:

vL(®) = Ve (4.73)
dig () Mic i oy Vde _ Ve gy Vi sin et
a de:”L(t)— de(t ton) + 1L max = de(t 5T5)+—de oty (474)
ic(T)=iL(T)—io(t)=—%(t—ﬂs)+WéTs—V% (4.75)
C C

From Figure 4.20(b), iL(ton+tx)=0 when the energy stored in the dc link inductor (Ldc)

is exhausted; thus, tx is:

. Vi sin(ats)| ST

- Mnswlet) (4.76)

Alternatively, this equation can be obtained by setting the average dc link inductor

voltage to zero.

Third interval (ton+tx<t<Ts): This interval represents the case when the energy
stored in the dc link inductor L is exhausted when its current drops to zero at
t=ton+tx before the next switching period and remains at zero. In this interval,

inductor current and voltage are i (t)=0 and v(t)=0, and dc link capacitor current is:

i (t) = —ig = 7\% 4.77)
Considering the three intervals derived, the average capacitor current during one
switching cycle is:

L3 fn T Vie 2 Vaet? Vactontx = VaeoTs ty— Vmsinat| 5T t
=— J'uc(t)du _|' i (6t + J' i (f)dt = —~de
T R LacTs

0 ton ton +ty

(4.78)
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Since the input current and output dc voltage of a single-phase full-bridge diode
rectifier have half wave symmetry (0O<w<n), the average capacitor current during

one half of the supply cycle is:

V4
- 1 V, 1 2 .
ic_HC :;J‘[*%*Ld—.r[? Vietx +Vactontx = VedTs tx— Nmsinets| 5T thdwts (4.79)
C'S
0

- TNVES? Vg 4.80
kt_HC _—4deVo R ( . )

The steady state average capacitor current tends to zero; the converter voltage gain
is:

Ve = Sovm TLSTR (4.81)

For a given dc link inductance Lgc, the critical duty cycle d¢ that defines the boundary
between CCM and DCM can be obtained by setting tx=Tof=(1-d¢)Ts and with
|Vmsinwts|=Vm. From equations (4.76) and (4.81) o is:

_1.2/ [TR 4.82
o-1-3 R (4.82)

In each switching period during DCM operation, the equivalent continuous current in
switch S and the pre-filter input current are:

is(t):{z_ll_(sszvmsinax, O<wt<rz (4.83)

i, (t) :{2_1I_52T5Vm sinat, 0<wt<2r (4.84)

Equation (4.83) represents the equivalent continuous current in switch S, and (4.84)
represents the fundamental component of the pre-filter input current, which is
sinusoidal and in-phase with the supply voltage. Since the switched version of the
input current is(t) is contained within the envelope of the supply voltage, is(t) only

contains switching frequency harmonic components and their side bands. This
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feature makes the ac-side L-C filter size smaller and simpler to design than the three-

phase and the dual three-phase buck-boost converters discussed.

The average and root mean square current stresses in the switch S are:

B T 2 : 2
Szlj‘& TSVmSIna)tda)tzé TsVin (485)
% 2Lge 7lge
” 272 2
ls o= iJ. 54T5Vmsmwtdwt _ TV (4.86)
- 4 4'-(210 2*/§de

The average and root mean square current in each diode of the single-phase bridge

are.
1 p TV sinat 52T,
|D:—J' sm dot = 2—s"m (4.87)
2r 5 2Ly 27lye
A 2,2 2.
o s - zij-(s"Ts Vr;sma)tdwt _8%TVm (4.88)
e Al Alge

Since the proposed three-phase buck-boost converter consists of three single phase
modules, each phase provides ¥ of the output power, the voltage gain of the series

connected buck-boost converter and &¢r are:

Vo =2 ovm ;Lf (4.89)
TR
o, =12, (4.90)

45.2 Control strategy

Figure 4.20(c) summarises the control structure used to control the converter in
Figure 4.20(a), which consists of inner and outer control loops. The outer control
loop regulates the total output dc voltage Vqc, where a Pl controller estimates the
reference peak fundamental supply current I, to achieve any desired dc link voltage

Vde. A current limiter is added in the outer control loop to protect the converter from
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over load. The inner loop forces the supply current peak to follow its reference set by

the outer loop and estimates the duty cycle 6 of switch S.
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(b) Microscopic waveforms: voltage across dc-side
inductance v, inductor current i, output current i, and dc-side
capacitor current over two and half switching cycles.
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Figure 4.20 Proposed three series connected single-phase buck-boost converter.

45.3 Simulation validation

This section presents simulation results from PSCAD/EMTDC models of the
proposed three-series single-phase connected buck-boost converter. The simulation
section consists of two parts. The first part shows the closed loop results of the
proposed converter shown in Figure 4.20(a) under CCM operation and the second
part present DCM operation. The converter parameters are listed in Table 4.8. The
converter is simulated under the same operating scenario as the scalable three-phase
buck-boost converter in subsection 4.3.5.
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Table 4.8 Parameters of proposed three series connected single-phase buck-boost converter under
CCM and DCM operation

Parameter CCM operation DCM operation

Rated power 1MW 1MW

Supply voltage 3.3kV L-L 3.3kV L-L

Supply frequency 50Hz 50Hz

Switching frequency 5kHz 2.4kHz

Transformer rated gﬁggs single Three single-phase

power transformers transformers
L7MVA 1.7MVA

Transformer rated gr?;:g sinole Three single-phase

voltage transformers tlreg}ifgrkcers
1.9/1.9kV T

Ac-side C-filter Three S5pF Three 50F

dc-side inductance Three 3mH Three 750H

dc-side capacitance Three 2200F Three 2200F

I Three series connected single-phase buck-boost converter under CCM

operation

The closed loop results of the converter shown in Figure 4.20(a) under CCM
conditions are shown in Figure 4.21. Figure 4.21(a) shows the proposed converter is
able to force its dc output voltage to follow the reference voltage in buck and boost
modes, including when the load resistance is decreased from 150Q to 100 Q. Figure
4.21(b) shows samples of the three-phase input currents and phase ‘a’ voltage, all
zoomed around the instant when the load resistance changes. Figure 4.21(c) shows a
sample of the voltage stress across switch Si, which is comparable to theoretical
value stated in section 4.5, due to a small ac-side C-filter (discontinuous input
capacitor currents). Figure 4.21(d) shows the dc-side inductor current is continuous

as expected and increases when the load resistance is decreased.

ii Three series connected single-phase buck-boost converter under DCM

operation

Figure 4.22 shows closed loop operation waveforms of the converter operating under
DCM. Figure 4.22(a) shows that it is able to track the reference output voltage,
including during a step change in load resistance. This is achieved rapidly and with

minimal under-shoot, compared to the CCM case presented in the previous
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subsection. From Figure 4.22(b), the supply current is sinusoidal and in phase with
the supply voltage. Figure 4.22(c) shows the voltage stress on switch Sp is in line
with the theoretical prediction stated in section 4.5. Figure 4.22 (d) shows a zoomed
version of the dc-link inductor current, and the proposed converter is seen to operate
on the boundary between CCM and DCM.
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Figure 4.21 Simulations illustrate the performance of the proposed three series connected single phase
buck-boost converter under CCM.
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Figure 4.22 Simulation results summarizing the performance of the proposed buck-boost converter
under DCM.
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4.5.4 Three series connected single-phase buck-boost converter experimental

results

The three-series connected single-phase buck-boost converter under DCM operation
shares the voltage stress across the active switch. A 1.6kW experimental setup is
tested to verify its steady state and dynamic performance under DCM operation, with
the system parameters listed in Table 4.1. Figure 4.23 shows the experimental setup.
The operating sequence consists of three cases. First case: the reference voltage
gradually builds from zero to 330V to provide soft start-up, and the proposed
converter feeds a purely resistive load of two series-connected resistors - 70 Q and
22 Q. Second case: the load is step increased by short circuiting the 22Q resistor by a
semiconductor switch. The third case: the load is step decreased by turning off

switch.

This operating scenario will show the dynamic performance of the proposed
converter and controller. The results are displayed in Figure 4.24 and Figure 4.25.
Figure 4.24 (a) shows that the proposal buck-boost converter gradually builds up the
output dc voltage to its reference value. Figure 4.24 (a) and (b) show that it
overcomes the step load change with minimum transient time and over/under shoot.
Figure 4.24(c) and (d) shows that the supply current is sinusoidal with near unity
power factor. Figure 4.25 shows that the maximum voltage stresses across the switch

is about 250V, as expected from (100vz+3°2=251v).

Table 4.9 Three series connected single-phase buck-boost converter experimental parameters.

Parameter Value
Supply voltage 100V
Transformer rated power 2kwW

Transformer rated voltage | 415/415V ..

Ac-side capacitance 20F
dc-side inductance 500pH
dc-side capacitance 2200F
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Figure 4.24 Waveforms show the overall performance of the proposed three series connected single-
phase buck-boost converter.
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Figure 4.25 Voltage stress per-switch
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4.6. Comparison between three-phase buck-boost converter, dual three-phase
buck-boost converter, and three series connected single-phase buck-boost

converter under DCM

The three series connected single-phase buck-boost converter under DCM has the
following advantage over the three-phase and dual-three phase buck-boost

converters:

e Fastest dynamic response due to using smaller dc-side inductance and
medium size ac-side C-filter, see Figure 4.14(a), Figure 4.19(a), and Figure
4.21(a).

e Sinusoidal current with near unity pf over a wide range of operating
conditions. Unlike the three-phase/dual three-phase buck-boost converters in
Figure 4.9(a), Figure 4.17 ensures near unity power factor over a limited
range according to a pre-defined profile.

e Lower semiconductor voltage stress, but the highest current stress per switch,
see Figure 4.14 (c and d), Figure 4.19 (c and d), and Figure 4.21 (c and d).

For the same supply voltage and rated output power, the dual three-phase buck-boost
converter has the lowest average dc-link inductor current. This is because their
rectified dc output voltages are higher than that of the three-series connected single

phase version, by a factor of V(2/3) higher.

The three-phase buck-boost converter requires the largest ac-side filter, but does not

need a transformer (or generator) in the ac-side input unlike the other two converters.

The simulation results in Figure 4.14, Figure 4.19, and Figure 4.21 shows that the
proposed buck-boost converters provide high-quality sinusoidal input current with
stable dc output voltage. This qualifies the proposed converters for the interfacing of
permanent magnetic wind-turbine generators, and as a front-end converter for grid-
connected current and voltage source converters, with black-start and shutdown

capabilities.
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46.1 10kW buck-boost converter

Based on the comparison discussed above, the three series connected buck-boost
converter was selected to be tested experimentally at 10kW. System parameters are
listed in Table 4.10. To demonstrate the soft start and shut-down capability, the
output dc link voltage is slowly increased from 0 to 1250V by using a low pass filter
(LPF) with cut-off frequency of %s, and when the shutdown signal received, reduced
to zero using a LPF with cut-off frequency of ¥s. The results from this test are
displayed in Figure 4.27. From Figure 4.27(a) the proposed converter provides a high
boost with good dynamic response during soft start up, steady state and shutdown.
Figure 4.27 (b) shows the steady state output voltage and the voltage stress across

switch S, which is 600V, as expected (13042 +1x1250~600V). Figure 4.27 (c) shows

that the supply current is sinusoidal with near unity power factor (this is achieved
without any dedicated control to force unity power factor operation, as stated
previously). The dc-side inductor current (iL) in Figure 4.27(d) confirms operation in
DCM.

Table 4.10 10kW prototype parameters

Parameter Value
Supply voltage 260V n
Transformer rated power | 8kVA
Transformer rated voltage | 440/220V ..

ac-side capacitance 80F
dc-side inductance 330pH
dc-side capacitance 2200F
Load Resistance 150Q
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Figure 4.27 Performance waveforms of the 10kW buck-boost converter.

4.7. Generalization of a multi-phase buck-boost converter

The proposed buck-boost configuration can be generalized for any number of phases,
as shown in Figure 4.28(a) for parallel connection. This configuration is suitable for
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high current application where a large current is shared between n-phases. The
switches and diodes equally share the supply current between phases without any
complicated control technique. This configuration is an improved version of the

proposed bridgeless buck-boost converter shown in[24].

Figure 4.28(b) shows the series configuration of the proposed buck-boost converter,
which consists of three-phase rectifier bridges connected in series to ensure that the
current is the same in each three-phase. The switch and diode high voltage sharing
problem is overcome with the configuration in Figure 4.28(c). In each case,

appropriately phase shifted winding sets will eliminate harmonics.

4.8. Summary

This chapter proposed single-stage, single-phase, three-phase and multi-phase ac-dc
buck-boost converters with a minimal switch count. The converters achieve buck and
boost operation in a single-stage, with adjustable dc output voltage in both modes,
and with soft start/stop. The operating principles were discussed, and mathematical
relationships describing steady-state operation were presented for the various buck-
boost converters. The control structure for the single-phase version (with sinusoidal
input current, nearly unity input power factor and adjustable output dc voltage) was
extendable to the three-phase, dual three-phase, and three series connected single-
phase ac-dc buck-boost versions. The viability of these buck-boost converters was
confirmed by simulations and experimentally. The three-phase and dual three-phase
versions of the proposed converter will be used in the following chapters to form
modified back to back current source converters for wind energy conversion systems.
The simulation and experiments conducted on three series connected single-phase
ac-dc buck-boost converter under DCM showed that it had reduced voltage stresses
on the blocking diodes and switch S. Also, it has better harmonic performance and
input power factor profile from no-load to full-load conditions, than the other
topologies. Finally, it was illustrated that the proposed buck-boost configuration can
be generalized for any number of phases: parallel connected (for high current loads)

and series connected (for higher voltage application).
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Figure 4.28 Parallel and series generalized configuration.
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Chapter 5. New Current Source Based Back to Back Converter

This chapter proposes a new back-to-back (BTB) current source converter (CSC)
configuration; which addresses the main drawbacks of conventional BTB CSCs such
as the over-voltage frequently experienced by switches during commutation.
Additionally, it offers the following advantages: simple and easy control; sinusoidal
ac currents with high power factor (PF) at both ac sides with reduced switching
frequency; inverter side zero switching losses, and rectifier side soft start-up and soft
shutdown. Basic relations that govern its steady-state operation are established for
three-phase and dual three-phase versions of the proposed BTB CSC. This
configuration comes from integrating the ac-dc buck-boost converter proposed in
Chapter four with the current source inverter represented in Chapter three.
PSCAD/EMTDC simulations and experimentation are used to demonstrate the
practicality of the proposed power conversion systems. It is shown that both versions
have good dynamic performance, with near unity input PF on the rectifier side and
controllable reactive power on the inverter side. The proposed current source based
BTB converter will be using in Chapter seven, as interfacing converter between the

wind turbine generators with the grid.

5.1. Background

BTB converters represent the backbone of many power conversion systems. Various
topologies have evolved around conventional voltage and current source converters
in an attempt to meet different design and reliability constraints [1]. The
conventional BTB converter consists of a rectifier side and inverter side, and the two
sides are connected via an energy storage element, such as capacitor for a VSC or
inductance for a CSC [2]. The VSC based BTB has a faster dynamic response and
higher efficiency than the current source BTB converter [3, 4], while the current
source BTB arrangement has higher reliability and inherent current limiting during
dc faults, as shown in [5-7]. This section considers some BTB converters, which can

perform the same functions as the conventional BTB converters.
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The BTB converter proposed in [8-10] uses the dc-link midpoint connection and a
four-leg converter, to reduce the switch count, and offers bidirectional power flow

and power factor control. But the load and grid must have the same frequency.

References [11, 12] propose a nine switch three leg BTB converter, where the middle
switch of each leg operates for both the rectifier and the inverter, and the input power
transferred to the output is through the middle switches and the dc-side capacitor.
This converter is attractive because it has low cost due to a reduced number of
switches, plus sinusoidal input current and unity power factor. The converter
operates into two modes: fixed frequency with variable output voltage; and variable
frequency and variable output voltage. Each mode has its own modulation scheme.
The converter gives the same performance as the conventional BTB VSC in the first
mode, but when operated in the second mode it has higher total harmonic distortion
(THD) and higher losses than a conventional two level BTB converter. Reference
[13] uses the same approach in a wind energy conversion system (WECS) to drive a

doubly fed induction generator (DFIG).

Reference [14] proposes a novel BTB VSC configuration which removes the dc-link
capacitor of the inverter side. There are four diodes in the dc-link: three diodes are
connected as a three-phase half-wave uncontrolled diode rectifier, and the fourth
diode is connected between the two-level PWM VSC rectifier and the diode rectifier.
The inverter is directly connected to the diode rectifier. This BTB configuration uses
two rectifiers, the diode rectifier transfers energy from the grid to the inverter and the
PWM rectifier transfers energy from the dc-link to the grid. Although this
configuration has lower inverter switching losses than the conventional BTB VSC, a

dc-link capacitor is still used in the PWM rectifier.

References [15, 16] propose a BTB configuration that uses two full bridge circuits,
composed of reverse blocking bidirectional switches (12 switches and 12 diodes per-
bridge). The link between the two converters is an ac-link and composed of low
reactance rated inductance and capacitance. The supply side converter charges the
ac-link by high frequency current pulses and the load side converter discharges the
stored energy into the load. The converter is soft switching (switches turn on at zero

voltage and turn off is capacitor buffered), can operate bi-directionally, supports any
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input or output power factor, but has complicated control. This approach is modified
in [17-19] where the number of switches is reduced from 24 to 20, but with the same
performance. This configuration uses two ac sides unidirectional bridges (6 switches
and 6 diodes per-bridge), and for ac-link current, intermediate crossover switches are

added into the dc-side of each bridge.

5.2. Proposed three-phase BTB converter in island mode

Figure 5.1(a) shows the proposed BTB converter system. It consists of a three-phase
bridge rectifier and associated ac filters (L, and C;) at the source side, and a three-
phase CSI with an ac C-filter at the load side. Throughout this chapter, the CSI is
assumed to operate with fixed modulation index (m=1) for reasons given later. The
proposed BTB configuration is superior to the conventional back-to-back current
source converter as it has fewer devices in conduction path, thus low on-state loss is
expected. Provided diode switching losses are negligible compared those of the
IGBTs, switching loss of the front end converter connected to the PMSG, are
expected to be low, predominantly in switch S,. Table 5.1 compares the proposed

BTB and the conventional current and voltage source converter schemes.

Table 5.1 Comparison of the proposed back-to-back (BTB) with conventional current and voltage
source converter schemes

Proposed configuration BTB CSC[20, 21]. BTB VSC[22, 23]
Number of 7 devices, 3 in rectifier 8 devices, 4 in 6 devices, 3 in rectifier
switching devices | side and 4 in inverter side | rectifier side and 4 in side and 3 in inverter
in conduction path inverter side side
On-state loss medium high low
Switching loss Low (dominantly at switch high medium

Sr in rectifier side, and
zero in the inverter)

Controlled start-up Yes Yes No, require pre-inserted
and shutdown resistor or other means
to charge and dc link
capacitor
Bi-directional No No, but possible yes
power flow circuit reconfiguration
AC fault ride- Yes yes yes
through

The switching period of switch (S;) is 7=t,+#, and is divided into two operating
modes. The first mode is the dc-link inductor (L4.) charging mode where the switch

(S;) 1s on during 0<t<¢; . In this mode, the dc-link inductor current (/) rises and is
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equal to the switch (S;) current (/;), and the input current into the CSI is zero (/;=0) as

shown in Figure 5.1(b). The second mode is when the switch (S;) is off during the

period #,<t<i,. In this period, the dc-link inductor current (/r) falls as the energy

stored in this inductor during the first mode is transferred to the load, thus /;=/; and

1=0, as shown in Figure 5.1(b). The relationships between the average the dc-link

inductor (1), average switch (S;) current (I ) and average CSI input current (I,)

can summarised as in (5.1) and (5.2).
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Figure 5.1 Proposed three-phase BTB converter and dc-link current waveforms
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5.2.1 Inverter side zero switching current

For minimum switching losses, the grid side CSI in the proposed BTB converter is
controlled using selective harmonic elimination (SHE), with three notches per
quarter cycle to eliminate the 5" harmonic order [24] where the notch angle is
O=18°. The switching frequency (fi;) of the switch S; is 3.0kHz and grid frequency
(f,) is 50Hz. The rectifier chop pulse resolution (SR) represents the relative width in
degrees of one switching cycle of S; in one fundamental period as shown in equation
(5.3). For f4= 3kHz and f,=50Hz, SR = 6°. To ensure zero CSI switching losses, the
switching instants of the CSI devices must coincide with zero input de-link current 7,
which is determined by the modulation of switch S;; as will be discussed in the
simulation section. Increasing the switching frequency of switch S; allows SHE to
eliminate more low-order harmonics, and decreases the dc-link inductance L4 and C-
filters at both ac sides. But this increases the switching losses of S;. Figure 5. 2 shows

the inverter output current with one angle to eliminate a single harmonic order.

3601,
fsr

SR (5.3)
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Figure 5. 2 Inverter wave form of full cycle with one angle

5.2.2 Circuit analysis

Figure 5.3 shows a simplified representation of the proposed BTB converter. By
applying the current divider method to the load side, the relation between per-phase
rms fundament CSI output current (|ij]) and the per-phase fundamental rms load
current (|ir|) is:

1

ST 5.4
i 1+ j0,C2, (5-4)

L

Where w,, frequencies in rad/s and Z is load impedance.
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SHE is used to eliminate the 5™ harmonic order from the CSI output current at
modulation index 1, the peak fundamental CSI output current equals the average CSI
input current (I, = v2|i;|). From (5.1), equation (5.4) can be rewritten in terms of

the dc-link inductance current as:

(-0)7;

21+ jo, 0z, -2

"L‘

Equation (5.5) shows the relation between the average the dc-link inductor( I;)) and

the per-phase fundamental rms load current (|ir|).

As described in Chapter four, the peak value of the rectifier input fundamental
component (i . ) is:

2‘\ﬁé‘jL (56)

1
r_p T

The rms value of the rectifier input fundamental component (|i|) is:

i) N (5.7)

T

Assuming lossless conversion, power balance dictates that power into the converter
equals output power:

3i ||| =3i,| R, (5.8)

Where |v.g|the rms fundamental phase voltage is across the rectifier side capacitors

and Ry is per phase load resistance. By substituting equation (5.7) into (5.8).

R, (5.9

v,

— 4 ‘l
~Jest
The corresponding rms fundamental supply (|is|) current can be expressed as:

| = e =%l (5.10)

Where f; is the supply frequency
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5.2.3 Supply side filters design

As discussed in Chapter 4, the rectifier side input

values:

filter will have the following

i de

Three-
Phase
rectifier

Csl

(5.11)

(5.12)

(5.13)

Figure 5.3 Single line diagram representation of the proposed three-phase BTB converter in island

mode

Based on simulations and experimentation, with the filter values calculated based on

equations (5.11) and (5.12), the input PF profile of the proposed BTB converter

varies with input power as shown in Figure 5.4, at S, switching frequency of 3.0kHz.

The input PF is above 0.8 from rated input power to 40% of the rated load.
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Figure 5.4 Supply current PF profile.
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5.2.4 Control strategy

Since the proposed BTB power conversion system supplies an isolated three-phase
load; the control strategy in figure 5.5 is adopted for switch S;. The outer loop
regulates the load voltage magnitude and sets the reference average dc link inductor
current (I, o). A current limiter stage is used for system protection from over
current. The inner current control loop regulates I;) and estimates the modulation

index o for the active switch S..

¥ I "
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Figure 5.5 Control strategy of the BTB converter in island mode

5.2.5 Simulation results

Performance with island load

This section presents simulation results of the proposed BTB with the parameters
listed in Table 5.2. For system soft-start-up demonstration, the reference voltage at
the load terminal is increased gradually from zero to rated voltage (R =10Q and
L=4mH). At time #=1s, a step load change is applied by connecting an additional load
of (18Q) to the load bus, to test the dynamic performance. The results obtained are
shown in Figure 5.6 and Figure 5.7. Figure 5.6(a) shows that the voltage across the
load is maintained constant at 311V peak (220 rms) as the load varies. Figure 5.6(b)
shows that as the load increases the dc-link average current and its reference (T, rer)
increase to maintain power balance between the ac and dc sides. Figure 5.6(c) shows
the converter input power, where the step change on the load causes the input power
to increase from 15kW (0.75pu) to 23kW (1.15pu). Figure 5.7(a) shows supply
currents and phase ‘a’ voltage, as the load varies. The input PF is in line with the
theoretical values in Figure 5.4. Figure 5.7(b) shows that the proposed BTB
converters gradually build up the load voltage (soft start-up capability). Figure 5.7(c)
shows the load current during the load step change, where the proposed BTB

converter continues supplying sinusoidal current to the load
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Table 5.2 Simulation setup parameters of the proposed three-phase BTB converter in island mode.

Parameter Value
Rated input power 20kW
Supply voltage 208VL L
Supply frequency 60Hz
Rectifier side L-filter 3mH
Rectifier side C-filter 130pF(A connection)
dc-link inductance SmH
Output frequency 50Hz
Inverter side C-filter 130pF(A connection)
Load resistance 10Q
Load inductance 4mH
il. Zero switching losses consideration

The CSI of the proposed BTB has zero switching losses if the CSI changes its

switching states during the dc-link inductance charging mode. This requirement

restricts the ratio of the switching frequency of switch S; to grid frequency, to be an

integer multiple of 3 (in other words, integer number of pulses per 120°). This

requires synchronization of the high frequency triangle carrier signal to the supply

fundamental frequency.
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(a) Load peak output voltage (b) Detailed view of the average dec-link
inductance current during step load change.
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(c) Converter input power.

Figure 5.6 PSCAD simulation waveforms for the three-phase BTB converter in island mode
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(c) Load current during the step increase on the load.
Figure 5.7 PSCAD simulation detail view of the two ac sides of the three-phase BTB converter in
island mode

For example if SHE is used to eliminate the 5™ harmonics order, only one notch
angle is required (O=18°). Considering the upper switch of phase ‘a’ S; ;. (Due to the
symmetrical natural of the CSI gates signals, all the other switches operate similarly).
Si 1 turns on three times every fundamental cycle (18°< w? < 30°, 42°< wt < 138° and
150°< wt < 162°); where ot is the fundamental angle of the CSI as shown in Figure
5. 2.The width of the first pulse is 12°. If switch S; is turned on twice during the first
pulse, this means that the switch resolution SR will be at least 6°, and then from
equation(5.3), the minimum switching frequency is 3kHz. Figure 5.8(a) shows
switch S; | gate signal (g1) and S; PWM high frequency triangle carrier signal (v.).
Consider the first g; pulse, there are two carrier signal cycles (v;) during the first
pulse, and the first carrier signal starts when the gate signal g; starts or changes it
state from zero to one. Similarly when the gate signal ends or changes its state from
one to zero, the second carrier signal ends. This means that both the gate signal and
the carrier signal are synchronized and the CSI changes its switch state at zero
current (zero switching losses). During grid connection, an angle o is added to wt that
allows the CSI to compensate the ac side capacitor filter current and helps it adjust
the reactive power. Figure 5.8(b) shows switch S; | gate signal (g1) and S; PWM high
frequency triangle carrier signal (v;) where a=-20°. The §; | gate signal is now better
synchronized (the zero switching loss feature is no longer valid). To solve this issue,

the carrier signal must be synchronised, by adding a shift angle a, with respect to the
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carrier frequency wt... Equation (5.14) is used to derive the equivalent shift value a;
to compensate the change in a. Figure 5.8(c) and (d) show the switch S; | gate signal
(g1) and S; PWM high frequency triangle carrier signal (v¢;) when a=-20° and a=20°
respectably after applying the proposed carrier gate synchronization technique, it can
be observed that the gate signal and the high frequency triangle carrier signal are

now synchronized.

a.fsr

az_[Lfsr_ ;
g

fe

J (5.14)

To analyse the performance of the proposal BTB converter and show that zero
current switching can be achieved, Figure 5.9 show a detailed view of one CSI
fundamental output cycle when SHE is used to eliminate the 5™ harmonics order.
From Figure 5.9(a), the CSI has pulsating current, and Figure 5.9(b) and (c) show the
switch §; | current (i), gate signal (g1), switch S; » current (is4) and gate signal (ga).
Si 1 and S; 4 change switch states at zero current (/=0). Figure 5.9 (d) shows the CSI
output current. Figure 5.10 results in the same conclusions when SHE is used to
eliminate the 5™ and 7™ harmonics order. Two notch angles Ojand O, are introduced,
which gives two degrees of freedom to eliminate the 5™ and the 7™ harmonic orders.
From [24], the two notch angles O, and O, will be 7.93° and 13.75° respectively.
Switch §; | turns five times every fundamental cycle (7.93°< wt < 13.75°, 30°< wt <
46.25° and 52.07°< wt < 127.93°; 133.75°< wt < 150° and 166.25°< wt < 172.07°).
The first and the last pulses have the smallest pulse width (5.82) and it is required
that each have at least one pulse. From equation (5.3), switch S; frequency is 3.3kHz.
The results in Figure 5.10 (b) and (c) show that the proposal BTB converter with this
switching frequency has zero switching current, with at least one pulse in the

smallest pulse width period.
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Figure 5.8 Waveforms of switch S; | gate (g;) synchronisation with switch S, PWM high frequency
triangle carrier signal (v,;)

Figure 5.11(a) shows switch S; | current i5; and gate 1 when SHE eliminates the 11t
and 13" harmonic orders. The two notches angle O; and 6, are 19° and 21.74°
respective. The smallest pulse width is 2.74°, whence from equation (5.3), switch S;
frequency is 6.6 kHz. In Figure 5.11(a), switch S; | changes it state at zero current.
Figure 5.11(b) shows S; | current and gate signal when SHE eliminates the 5™ 7th
,11"™ and 13™ harmonic orders, which requires four notch angles (6,=0°, O,=1.6°,
O;=15.14°and 0,4=20.26°). Similarly, the smallest pulse width is 1.6° and a suitable
switching frequency is12 kHz. Figure 5.11(b) shows that the proposed BTB

converter has zero switching current.
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Figure 5.9 Waveforms of the proposed BTB converter with the high frequency carrier signal
synchronization technique when SHE eliminates the 5™ harmonic order.
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Figure 5.10 The high frequency carrier signal synchronization technique when SHE eliminates the 5"
and 7™ harmonic orders.

155



Switch 1 current and gate 1
I

—_
[
<

Current(A)
S

SN
= <

0.980 0.985 0.990 0.995
Time(s)

(a) Switch §; ; gate signal and S; ; current when SHE is used to eliminate 1 1™ and 13" harmonic order.

Switch 1 current and gate 1

120)

Current(4)
ES

0.980 0. 985

0.995
Time(s)

(b) Switch S; | gate signal and S; | current when SHE is used to eliminate 5®,7" ;11" and 13"harmonic
order.

Figure 5.11 CSI switch current and its gate signal when SHE eliminates 11" and 13" and 5™, 7%, 11®
and 13™ harmonic orders.

5.2.6 Experimental results

1. Experimental validation of the zero switching losses

This section emulates the high frequency carrier signal synchronization technique
performance, by analysing the expected switch currents and the expected CSI
input/output current. This is to ensure that the digital signal processor (DSP) code is

functioning correctly before powering the proposed BTB converter.

Figure 5.12 shows results when SHE eliminates the 5™ harmonic order. A NOT gate
(at the measurement signal level) is added to CSI input current. Figure 5.12(a) and
(b) shows S§; | and the NOT S, gate signal which represents the CSI input current. In
Figure 5.12(a) and (b) the CSI changes its switch state at zero current. The expected
switch current (is;  and is; 4) and the expected phase ‘a’ output current are shown in
Figure 5.12(c). The expected switch current is the output of an AND gate, with input
the CSI switch gate signal and the expected CSI input current. The expected CSI per-
phase output current is obtained by subtracting the expected upper switch current
from that of the lower switch. Figure 5.12(c) show the fast Fourier transformation

(FFT) of the expected CSI output current, where the 5™ harmonics are eliminated.
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Figure 5.13 shows results when SHE eliminates the 5™ and 7™ harmonic orders.
Figure 5.13(a) shows S§; | gate signal and the expected CSI input current. The CSI is
turned on five times to eliminate the two harmonic orders. Figure 5.13(b) is a
zoomed version of Figure 5.13(a) showing that the CSI changes switch state at zero
current. The expected S; ; and S; , current and expected CSI phase ‘a’ output current
are in Figure 5.13(c). Figure 5.13(d) shows the FFT of the expected CSI phase
output current, where the 5 and 7" harmonic orders are reduced but not eliminated
(5™ is ~0.8 % of fundamental and the 7™ is ~0.45% of the fundamental). This is due
to the DSP resolution, since the PSD controller interrupt rate is 18kHz and the grid
frequency is 50Hz, as discussed in section 5.2.1. The DSP resolution is 1°. To
eliminate the 5™ and the 7™ harmonic orders, the two notch angles O, and 6, equals

7.93° and 13.75° respective. But the DSP places these at 8° and 14° respectively.

The results in Figure 5.12 and Figure 5.13 shows that the proposed high frequency
carrier signal synchronization technique works, and ensures zero switching losses.
Also the FFT analysis of the expected CSI output current shows that the CSI

eliminates the selected harmonic orders.
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Figure 5.12 Experimental results with the high frequency carrier signal synchronization technique
when SHE eliminates the 5™ harmonic order.
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Figure 5.13 Experimental results with the high frequency carrier signal synchronization technique
when SHE eliminates the 5" and 7" harmonic orders.

Experimental results at island load

This section presents experimental results from the scaled down test rig of the
proposed BTB, with the parameters listed in Table 5.3. The rated input power 850W.
The reference output voltage is changed to initiate a step change in load. To provide
soft start-up and soft change, the reference voltage is low pass filtered (3 Hz cut-off
frequency). Initially the reference output voltage is set to 75V peak then increased to
90V peak, during which periods the input power monitored were 380W and 840W
respectively. The experimental results in Figure 5.10 show converter overall
performance. Figure 5.10(a) shows the load voltage builds up gradually during a
black-start (soft start-up). Figure 5.10(b) shows the load voltage increases gradually
without oscillation when the reference peak voltage changes from 75V to 90V.
Figure 5.10(c) shows dc-link inductance current /i, switch current /s, and CSI dc
input current /;, at 8m/s wind speed. The dc-link inductance current Iy equals the
switch current when switch S; in on and equals the CSI input current /; when off.

Figure 5.10(d) shows the experimental waveform of the CSI output current i; is
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similar to the current waveform shown in Figure 5.2 and Figure 5.9. Figure 5.13
show a detail view of the three-phase load current and voltage during stage 1 and
stage 2. From Figure 5.13 the proposed BTB converter supplies the load with
sinusoidal voltage and current. The supply voltage and current are shown in Figure
5.14. Figure 5.14(a) and (b) show that the supply currents are sinusoidal and the PF
has changed from 0.8 leading to unity.

Table 5.3: Experimental setup parameters of the proposed three-phase BTB converter in island mode

Parameter Value

Rated input power 840W

Supply voltage 50VL L

Supply frequency 50Hz

Rectifier side L-filter | SmH

Rectifier side C-filter | 120uF(A connection)

dc-link inductance SmH

Output frequency 50Hz

Inverter side C-filter | 90pF(A connection)
Load resistance 25Q

Load inductance 3.3mH
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Figure 5.14 Waveforms showing the overall performance of the proposed three-phase BTB converter
in island mode
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Figure 5.16 Waveforms of the three-phase supply currents and phase-a voltage at first and second
reference output voltage of the proposed three-phase BTB converter during island mode

5.3. Proposed three-phase BTB converter in grid connection mode

This section shows the proposed BTB converter performance during the grid
connection mode, where the controller controls the grid delivered active and reactive
power. To establish the relationship between the powers delivered to the grid and the

de-link inductance current Iy, the grid delivered active and reactive powers (P,) and

(Q,) are expressed as:

Py =3 ig(a)Vs(a) (5.15)
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0; =3 ig(g)Ve() (5.16)

Where vyq) is the d component of the grid voltage (V,), assuming the grid voltage
vector is aligned with the d-axis (veq=0); and igq), isq are d and g current

components that the current grid side converter injects into grid (iy).

Based on the single line diagram representation in Figure 5.17, the equations that

describe the ac side of the grid side converter are:

i.:c.%ﬂ (5.17)

Vg =Ly —5+v (518)

Where v, is the voltage across CSI grid side C-filter, and L, is the isolation

transformer leakage inductance.
Equations (5.17) and (5.18) can rewritten in the dq frame as:

dv

; i(d) .

iy = Gi— = = 9 Cvigg) *lg(a) (5.19)

. dvci(q) . 5 20
litg) =G OCVei(a) +ig(q) (5.20)

di
_ g(d) .
Vei(d) = Lg =~ @elgloq) T Veta) (5.21)
di,
(@) .

Vei(q) = Lg ;,tq + ngglg(d) (522)

At steady state the CSI output jq) and ijq) can written as:
ii(d) :ig(d) (l—a);Cng) (5.23)

litq) =1g(q) (1 ~@,ClL, ) + 0, Gy (5.24)
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L= \/(ig(d) (1 - wéciLg))2 + (ig(q) (1 a ngCiLg) + wgcivg(d))z (5.25)

2 2
= P
I, = (1 _15) \/[3 g (1 _w§CiLg)j +{ : Qe (l—a)éCiLg)Jr wgCng(d)J (5.26)

2 Ve(d)

3

0 +5wgC,-v2g(d)
| T 1-eigr,

o =tan~!| — %Gk (5.27)

Py

Equations (5.26) and (5.27) shows that the grid delivered active and reactive power
can be controlled by regulating the dc-link inductance current and the CSI shift-angle

a.

Rectifier CSI

Figure 5.17 Single line diagram of the proposed three-phase grid connected BTB converter

5.3.1 Control strategy

Figure 5.18 shows the proposed controller, which consists of two independent
controllers; one for the grid delivered active power and the other for grid reactive
power. In the grid active power controller, the outer control loop uses a PI controller
to estimate the reference average de-link inductance current I, rof, from the error
between the reference active power (Prr) and grid deliver power (Pg). The inner
control loop detects the error between the reference dc-link inductance current and
the actual average inductance current, which passes through a PI controller to

estimate switch (S;) modulation index 6.

The reactive power controller in Figure 5.18 is used to adjust the phase angle (a)
between the grid voltage and current vector. The CSI injects into the grid based on
the reactive power demand set point (QO.f). Therefore, the required phase angle («)

for arbitrary reactive power is estimated using PI. The estimated phase angle («) is
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added to angle wt, which is obtained from the phase locked loop (PLL),

resultant angle w+a is used to provide the time base for the SHE algorithm.

Ve(d)

Figure 5.18 Proposed controller for the grid connected three-phase BTB converter.

5.3.2 Simulation results

m=1 —»g
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and the

In this section converter performance is assessed using PSCAD/EMDCT, and the

simulation section consists of two parts: the first part tests the performance of the

active power controller while setting the reference reactive power to zero, the second

part keeps the reference delivered active power fixed and changes the reference

reactive power. The system parameters are given in Table 5.4.

Table 5.4 Simulation parameters of the three-phase BTB converter during grid connected mode

| Value
Rectifier side parameter
Supply voltage 208VL L
Supply frequency 60Hz
Rectifier side L-filter 3mH
Rectifier side C-filter 130uF(A connection)
Converter parameters
dc-link inductance SmH
Rated active power 20kW
Rated Reactive power 8kVAr

Inverter side parameters

Grid voltage 380 VL L

Grid frequency 50Hz

Inverter side C-filter 80uF(A connection)
Transformer rated power 20kW

Transformer primary related voltage 380VL-LY

Transformer secondary related voltage | 380V L-L'Y

Performance of grid active power with zero reactive power reference

The simulation scenario consists of three cases, each has 2s duration and the

reference grid delivered active power are 10kW, 20kW and 15kW. Figure 5.19 to
Figure 5.21 show the simulation results from PSCAD/EMTDC. The results in Figure

5.19(a) show that proposed controller tracks the reference grid delivered power

without over-shoot. Figure 5.19(b) shows that the average dc-link inductance current
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follows the reference current, and the reference average dc-link current changes
depending on the reference delivered active power change. Figure 5.20(a) to (c)
shows that the CSI delivers to the grid a sinusoidal current, with low total harmonic
distortion (THD), and unity PF since Q0. The results in 5.19(a) to (c) show that

the rectifer has sinusoidal supply current, with the PF profile given in Figure 5.4.
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and average dc-link inductance current.
Figure 5.19 Waveforms of the active power controller of the BTB converter during the grid
connection mode.
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(a)The three phase grid current and phase ‘a’ voltage at P~=15kW
Figure 5.20 Detailed view of grid delivered current and phase ‘a’ voltage at each case (CSI side) of
the BTB converter during the grid connection mode.
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Figure 5.21 Detail view of three-phase supply current and phase ‘a’ voltage at each case (rectifier
side) of the BTB converter during the grid connection mode.

Performance of proposed BTB converter with fixed active power and

variable reference reactive power.

In this section the reference grid active power is kept a constant 15kW, and the
reference grid reactive power Qe varies according to the following sequence. First
Orer 1s set to -8kVAr for two seconds (case 1), then Qs gradually decreases to zero
(case 2), and after two seconds Q. gradually changes to 8kVAr (case 2). This test
will show the dynamic performance of the proposed reactive power controller and
shows converter ability to control both grid delivered active and reactive power.
Figure 5.22 and Figure 5.23 show the simulation results during reactive power
control. Figure 5.22(a) shows that the proposed controller keeps the diverted active
power fixed during all changes of the reactive power. Figure 5.22(b) show that the
proposed reactive power controller follows the reference reactive power with good
dynamic performance. Figure 5.22(c) show the average dc-link current follows the
change in the reference average dc-link inductance current, the dc-link inductance
current changes in each case to compensate the change in the reference reactive
power, as shown by equation (5.26). Figure 5.23(a) to (c) show a detail view of the
three-phase grid deliver current and phase ‘a’ voltage. The grid current leads the grid
phase voltage in Figure 5.23(a) when reference reactive power is set to -8kVAr, and

when set to zero the grid current is in phase with the grid phase voltage as shown in
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Figure 5.23(b). Figure 5.23(c) show the grid current lags the grid voltage when the

reference reactive power is 8kVAr.
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Figure 5.23 Detailed view of grid delivered three-phase current and phase ‘a’ voltage at each case
(CSI side) to show the effect of the reactive power controller.

5.4. Proposed dual three-phase BTB converter

The proposed BTB converter shown in Figure 5.1 can be extended to operate with

six phases. Figure 5.24 shows the proposal current source based dual three-phase

BTB converter. The supply side can be dual three-phase generator or a three-phase

supply with a phase-shift transformer. The converter consists of three legs connected
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in shunt. The rectifier side leg consists of two cascaded three-phase diode rectifier
bridges, in series with an active switch (S;), with two input three-phase C-filters (Cy
and Cyy). The second leg is the dc-link inductance L4, which is the energy storage
element. The dual-bridge CSI is the third leg and consists of two two-level CSI
bridges connected in series and two output three-phase C-filters (Cj; and Cj;) forming
the grid side converter. This is connected to the grid through a three-winding phase-
shift transformer. The proposed converter has the same operating modes as the three-

phase version, and has the same controller loops.
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Figure 5.24 Proposed dual three-phase BTB converter.

5.4.1 Dual-bridge CSI output current harmonic cancellation, zero switching

losses.

It is required from the proposed dual-bridge CSI show in Figure 5.26 to inject all the
power absorbed from the supply into grid by modulating its average input dc-link
current I;. Although the current into the dual CSI I is discontinuous, its average I
over one fundamental period is constant. The phase-shift transformer, cancels the Sth,
7th, 17th, l9th, 27th, 31", etc. harmonic currents component [24, 25], while the inverter
side C-filter has two functions: first making the dual CSI output current continuous,
and second, removal of the 11"™ and 13™ harmonics component from the dual CSI
output current. The phase output current of the dual-bridge CSI is shown in Figure
5.25. To ensure zero switching losses in the dual CSI, its switching instants must

coincide with zero input dc link current /;=0 (as with the three-phase version)
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Figure 5.25 Pre-filter output phase current of the dual-bridge CSI.

5.4.2 Modified dual three-phase BTB converter

The switch S; experiences high voltage stresses, thus requires a high number of
switches connected in series. To solve this problem, the dc-link inductor is replaced
by a central tap inductor, as show in Figure 5.26. The voltage stress will be shared by
switches S;; and S;,. Switches S;; and S, use the same gate signal, and the modified

converter operate as the original three phase version, discussed in Chapter four.
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Figure 5.26 Modified dual three-phase BTB converter.

5.4.3 Simulation results

To assess the dynamic performance of the proposed dual three-phase BTB converter,
its 1illustrative version in Figure 5.24 is simulated using PSCAD/EMTDC. The
simulation section consists of two parts. First the reference grid reactive power is
keep constant Q=0 and the grid active power is varied; in this part the dynamic
performance of the active power controller is assessed. The second part tests the
dynamic performance of the reactive power controller by changing the reference
reactive power whilst keeping the grid delivered active power fixed. The simulation

parameters are given in Table 5.5.
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Grid connection perforce at zero reactive power reference

The active power controller dynamic performance is tested in three different cases,
each of one second duration and the reference grid delivered active powers are
1.5SMW, SMW and 3.5MW. The simulation results are shown in Figure 5.27 to
Figure 5.29. Figure 5.27(a) shows that the proposed controller smoothly tracks the
reference active power with minimum transient time. Figure 5.27(b) shows that the
dc-link current controller has good dynamics performance and smoothly follows the
change in the reference average dc-link inductance current to compensate the change
in the reference grid delivered active power. Figure 5.28 shows that the controller
injects a sinusoidal current into the grid and in phase with the grid phase voltage.
Also from Figure 5.28(a), the grid injected current increases rapidly and smoothly
during the change from case 1 to case 2, and decreases rapidly and smoothly during
the change from case 2 to case 3. Figure 5.29 shows that the proposed dual three-
phase BTB converter takes from the supply, a high quality supply current with high

power factor over a wide range of operation.

Table 5.5 Simulation parameters of the dual three-phase BTB converter during grid connected mode.

| Value

Rectifier side parameters
Supply voltage 3.3kV
Supply frequency 50Hz

Phase-shifted transformer rated power | 5.5 MVA
Phase-shifted transformer rated voltage | 3.3 kV

Rectifier side C-filter 125uF Y connected
BTB Converter parameters
Rated active power SMW
Rated reactive power 2MVAr
dc-link inductance 10mH
Switch S, frequency 1.2kHz
Inverter side parameters
Inverter side C-filter 70 uF A connected

Phase-shifted transformer rated power | 5.5 MVA
Phase-shifted transformer rated voltage | 3.3 kV
Grid rated voltage 3.3kV

Grid rated frequency 50Hz
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il. Grid connection performance at fixed active power and variable reactive

power

This section assesses the performance of the reactive power controller of the
proposed dual three-phase BTB convert. The simulation sequence consists of three
cases, each of one second duration, with reference reactive power of -2MVAr, OVAr
and 2MVAr respectively; whilst the grid delivered active power is constant. The
PSCAD/EMTDC simulation results obtained are shown in Figure 5.30 and Figure
5.31. Figure 5.30(a) shows that the proposed controller keeps the grid delivered
active power fixed in all cases. Figure 5.30(b) shows that the proposed reactive
power controller tracks the reference reactive power with good dynamic
performance. Figure 5.30(c) show that the dc-link inductance current changes to
compensate the change in reference reactive power. The results in Figure 5.31 show
that the proposed converter injects into the grid, high quality sinusoidal current,
where the injected current is leading during Case 1, in-phase in Case 2, and lagging

in Case 3.
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Figure 5.30 Performance waveforms of the reactive power controller of the dual BTB converter.
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5.5. Summary

This chapter proposed new current source based BTB converters. A three-phase
version and a dual three-phase version. These new BTB converters have the

following features:

e Reduced circuit and control complexity

e Sinusoidal input and output currents

e High input power factor and controllable output reactive power.

e Reduced semiconductor power loss (inverter side zero switching losses)
e Soft start-up and shut-down capability

e Reduce the over-voltage experience by switches during commutation

The performance of the proposed three-phase BTB converters was tested in island
mode, showing their ability to provide a good voltage regulation even during step
load change. The results obtain from both the three-phase BTB converter and the
dual three-phase BTB converter in grid connection mode, show the ability to control
the grid delivered active and reactive power, with sinusoidal supply current (rectifier
side) and high power factor in the supply side. The grid side injected current is

sinusoidal with a low THD.
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Chapter 6. Synchronous Machine and Wind Turbine Modelling

This chapter presents a dynamic model of three-phase and dual three-phase
synchronous machines. The models are established for PSCAD/EMTDC modelling
of the proposal wind energy conversion system (WECS) discussed in Chapter seven.
The differential equations for both synchronous machines are transfer to the dq0
frame. The wind turbine models and equations are also presented in this chapter;
where the wind turbine model is built to simulate the proposal wind energy
conversion system and also used to build a wind turbine emulator, as part of the

experimental validation of the proposed WECS; as will be shown in Chapter seven.
6.1. Background

6.1.1 Singly excited magnetic circuit

Consider a coil of N turns is wound on a core as shown in Figure 6.1, where the

terminal voltage is:
o= i (6.1)

And the flux linkage is:
w=Li (6.2)
Where r is the coil resistance, y is flux linkage, and i is coil current

The inductance, by definition, is equal to flux linkage per unit current [1].

_Np _N?
L=—=— (6.3)

Ni
o= (6.4)

Where @ is flux, R is magnetic path reluctance Zﬁ)ﬂ_, Uo 1s absolute permeability

(ug=41x10"" H/m), u, is core relative permeability, / the length of the equivalent

magnetic path, and 4 is cross-section area.
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€ €;

Figure 6.1 Singly excited magnetic circuit.

6.1.2 Magnetically coupled circuit

Figure 6.2 shows a magnetically coupled circuit which consists of two coils of N,

and N, turns, wound on a common core.

. d

e =ny +% (6.5)
.od

€ =Ny + % (6.6)

The flux ¢ has two components: leakage flux and magnetization (or mutual) flux.

The flux of each coil can be expressed as [1]:

B =+ by + B (6.7)
& =B+ b2 + b (6.8)

Where ¢ is produced by the current flow in coil 1 and links only the turns of coil 1,

similarly for @ . The magnetization flux ¢,, is produced by the current flow in coil
1 and links all turns of coil 1 and coil 2. Similarly for ¢,,, . If saturation is neglected,

the fluxes may be expressed as:

o, :m_l'l (6.9)
®,5 :% (6.10)
), = ;V,jl; 6.11)
>, :% (6.12)
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Where %, and %,, are the reluctance of the leakage path, and %,,1s the reluctance of

the magnetizing fluxes.

Substituting (6.9) to (6.12) into (6.7) and (6.8) gives:

Ny Nyjp Ny
_n | N ol

% Ry R, N

m

_Noiy | Noby | Ny
", ®, N

m

L, and L, can calculate using (6.3), (6.13) and (6.14):

2 2
NN NN,

h R, R, R

m

2 2
N N> NN
=242, 12
le E]im mm

L,

(6.13)

(6.14)

(6.15)

(6.16)

The self-inductances (L1; and Ly;) and the mutual-inductances (L1,=L,;) inductances

can define as[1]:

The flux leakage can be expressed in terms of flux and inductance.

w1 =Lygi + Ly

Wy = Ly + Ly
¢m = ¢ml i ¢1112
I W K \ F2
[y M
VWW—1 H— AW
+ +
gl o e (I
e : ﬁ N1 Nz +L : €
jrzs e
- Ly _:T | -
——— e
—N N —i Nl
¢ll ¢22

Figure 6.2 Magnetically coupled circuit.
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6.1.3 Invariant Park's Transformation

Park's Transformation simplifies the mathematical equations describing a
synchronous machine. By using Park’s transformation the machines electrical angle
and stator quantities are projected onto the rotating d-axis and g-axis. The rotor
windings are not subjected to any transformation because they are oriented in the d-

axis and g-axis by the assumptions made in [1, 2].

The Park's transformation C is used to transform from (abc) to (dq0) axes and is

defined as [3, 4]:

cost  cos(0-2)  cos(0+2E)
[C]= 2| -sino -sin(0-2£) —sin(0+2) (6.22)
R =
Because of the orthogonal properties of the invariant Park transform, C' will be used

to convert from (dq0) to (abc) axes as C'=C"":

cosé —siné

C' = % cos[60-22) —sin(0-2=
3 3 3

cos(0+2Z) —sin(0+2Z
(0+3F) —sin(0+3)

(6.23)

S Bk S

Voltage, current, flux linkage and impedance transformations used in this chapter are

summarized as follows:

[quoJ Vabe ] Wabe]=C' [qu J

[idqu Clliape ] Liase ]=C" [ldq J

[l//dqu = C[Wape | (Ve ]=C" [V’dqu (6.24)
[quoJ =C[Zy |C [Zupe |=C" [quo]c

[quoJ C[ Ly |C' [Lape |=C" [quoJC

6.2. Three-phase synchronous generator modelling

This section derives the dg-model for the three-phase synchronous generator (SG) as

a precursor to the detailed derivation of the dg-model for the dual three-phase SG.

The three-phase SG consists of a three-phase stator winding mounted and distributed

in space 120° apart around the inner surface of the stator. The field winding is
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mounted on the rotor and supplied by direct current to produce the needed rotating
magnetic field to generate electromotive force voltage at the stator windings. D and
Q damper windings are placed in d and q axes of the rotor. The damper windings are
used to suppress mechanical rotor oscillation caused by a sudden change in the

electrical or mechanical load [1, 3].

6.2.1 Three-phase synchronous generator inductances calculation

Figure 6.3 shows a cross section of a salient pole synchronous generator. To simplify

the derivation of the machine equations, the following assumptions are made:

e The stator windings are uniformly distributed such that the self and mutual
inductances vary sinusoidally with rotor position.
e Saturation effects, eddy currents, and core losses are neglected.

e All three-phase windings are assumed balanced.
The machine inductances are categorized as [3]:

1. Stator self-inductances:

L,,=L;+L, cos28
Lyp =Ly + Ly, cos2(0 - 2 (6.25)

Lee =Ly + L, cos2(0+ 22

Where L is the self-inductance, L, is the mutual-inductance, and 6 is the angle

between magnetic axes of phase ‘a’ and the rotating magnetic field.

2. Stator mutual-inductance of salient pole SG:

Loy =M + L, 0052(0~ ) > Ly, = L,
Ly =—Mg+ L, cos20 — L. =L, (6.26)
Leg==My+ Ly c082(0+ %) > Loy = L,

c

M; is the average value of mutual inductance.

3. Rotor self-inductance:

Ly: The constant amplitude self-inductance of the field winding.
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Lp: The constant amplitude self-inductance of the D-damper winding.
Lq: The constant amplitude self-inductance of the Q-damper winding.

A d-axis

Figure 6.3Wounded rotor three phase synchrony machine.

4. Rotor mutual-inductances:

The constant mutual inductance between the field winding and the D-damper
winding are:
Lip=Lpy =M,

Lyp=Lor =0 (6.27)
LDQ = LQD = 0

M, is the constant mutual inductance between the field and D-damper winding.

5. Stator and rotor mutual-inductances.

Laf ZMfCOSQ—)Laf :Lfa
Lbf :MfCOS(H—%ﬂ')—)Lbf :Lfb (6.28)

ch :Mf COS(H'F%H’) i d ch = Lﬂ

Mgt is the amplitude of the mutual inductance between the armature winding and the

field winding.
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LaD :MDCOSH—)LuD :LDCI

LbD ZMDCOS(H—%H)—)LbD :LDb (6.29)

Lp =Mpeos(0+27) > L= Lpc

Mp is the mutual inductance amplitude between the armature winding and the D-

damper winding.

LaQ = _MQ costd — LaQ :LQa
LbQ Z—MQCOS(H—%E)—)LZ)Q :LQb (6.30)

Lg= —MQcos(t9+ %ﬂ') > L =Ly

Mg 1s the mutual inductance amplitude between the armature winding and the Q-

damper winding.

The machine inductance can be written in matrix form as shown in equation (6.31),

where the main diagonal comprises self-inductance coefficients.

LaF LaD LaQ—‘

e [=5] e

Loo |

Where Lg represent the stator self and mutual inductance, Ly and L, represent the
stator and rotor mutual inductances (L,=7!), and L, represent rotor mutual

inductance.

6.2.2 Converting the inductance matrix to the dq0 frame

The machine inductance matrix can be converted to the dq0 reference frame using

equations (6.32) to (6.35) [3].

[Lago | =[€T Lase ][ '] (6.32)
EP3E PO Pl PN 639
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[quoJ _ [CLSSCt CLSR} (6.34)

LesC' Lpg
g - - -
L+ (L + M) 0 0 EMf EMD 0
0 “3L,+(Li+My) 0 0 0 %MQ
0 0 Li-2M, 0 0 0
q
3
TMo 0 0 Mp  Lp 0
0 \FM 0 0 0 L
L 2 Q Q =

Equation (6.35) shows that the transformation to dq0 provides a simplified

inductance matrix which is independent of ©.
Self-inductance coefficients can be defined as follows:

Direct-axis synchronous inductance: r, =L, +3L, +M,

Quadrature-axis synchronous inductance: z, = L, -3 L, + M,
. _ 3 3 3
Mutual inductance coefficient: i, = \/;M s Mgp = \/;M pand M, = \/;MQ .
Equation (6.35) can be rewritten as:

0
0 L 0 0 0 My

0 L, 0 0 0
[Lago |- My 0 0 L Mgy 0 (6.36)
0

6.2.3 Voltage equations

The SG voltage equation is given in (6.37):

[Vabe |= R tabe ] = P[Wane ] (6.37)
(6.38)

¥ = Lapclape
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Where:
e )=[Va Vo V. v 0 0]

I:iabc:|:|:ia I 1 lf ip inlt

K0 0 0 0 0
07 00 0 0
0 0% 0 0 0

K=o 0 0+, 0 0
000 0 7 0
000 0 0 n

Where 1 is flux linkage, 7 is stator winding resistance, ¢ is field winding resistance,

Rp 1s D-damper winding resistance, Rq is Q-damper winding resistance, and P is the

differential operator % -

P[ 4] In (6.37) complicates the analysis, which can be simplified by using Park's

transformation to the stator partition. The voltage equation can be converted from

(abc) to (dq0) by multiplying by the converter matrix C.

quO = CVabc (639)

The resistance voltage drop on the right hand side of (6.37) will be Cri,, = Riyy , the

second term in the left hand side part of equation (6.37) is ¢y, and is evaluated as

follows.

From equation (6.24) v, =Cy,,, hence

Vigw e (6.40)
Wi g Vago (6.41)

The voltage equation in (dq0) can be written as:
[quoJ = _[R:":iquJ - p[quOJ[iquJ + C.C ' LquOJ[iquJ (6.42)
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Vd T

v, 0

ol |0

A

0 0

0

0 Lq

0 0
a)e

0 0

0 0

L0 0

(=}

oY

S O O O

S O O o o O

(== ]

S O O WY

r

g = p(Laiq + Mapip + Mygip )+ @, (Lyiy + Mygip)

gty - p(Lqiq n pMinQ) -0, (Ldid + Mapip + My f)

0 01y Ly 00 My
0 0|4 0 L, 0 0
0 0| 0 0 I, 0
. |TP
VD O iD MdD O 0 MfD
0 nollig] |0 Mgy 0 0
0 My
Mgp 0 |I'q
0 0 |
0 0 |
0 0 ip
0 0__iQ_

-lip(ry + pLy)
-rflf - p(Lflf +MfdiD + Mﬁfldp)
-Tpip - P(LDiD +Mgpiy +Mfdif)

- rgig - p(Lgig + Mygiy )

w, =P,0,

(6.43)

(6.44)

(6.45)

Where P, is the number of pole pair, w. is electrical rotating speed of the generator

and wy, 1s mechanical angular speed.

The voltage equation (6.44) can be written in term of the flux linkage matrixy,,, .

Substituting equation (6.49) into (6.48), the voltage equation becomes:

Va
Yq
Yo
Yy
L))

Yo |

‘//qu = [qu0:||:idq0:|

_Ldid + MdDiD + Mdflf_
Lqiq + MdQlQ
Loiy
Lflf + Mﬁ]iD + Mffld

LDiD + MdDid + Mfdlf

Loig + Mypi,
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v, [-ria - pwa+op,
Vq -ighs - PV - O g
"o _ 4 (649)
Vi Tyl =Yy
0 ~Ipip - P¥p
LO1 | -rolo-PYo

6.2.4 Torque equations

Reference [3] outline show to calculate the electromagnetic torque the from

rotational coefficient matrix [G]= %
¢
T, = (pole—pairs)[idqo:| [G][idqu (650)
Te = pole_pairs((Ld - Lq )idiq + Mdflflq + MdDiDiq - MdQlQld) (6.5 l)

Torque components:

Cylindrical torque = pole_pairs(M i i, )
Saliency torque = pole Jairs((Ld -Lq)idiq)
Damping torque = pole_pairs( M pipi, - Magigia )
From (6.47) the torque equation becomes:
T, = pole J)airs(gydiq-quid) (6.52)

6.2.5 Equations of motion

The SG electromechanical dynamics, when the inertia of the generator and prime-

mover is combined, can be expressed using accelerating torque as:
dw,
T, -T,=J =" +D @, +D,(@, - o) (6.53)
Where

T»: mechanical torque, Nm.

T.: electromagnetic torque, Nm.
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J: combined moment of inertia of generator and turbine, kg.m”.

wn: angular velocity of the rotor, rad/s.

t: time in seconds, s.

D: Mechanical damper torque and is proportional to the angular velocity.

D.: Mechanical damping torque due to current in the damper winding and is
proportional to the difference between rotor speed and synchronous speed,

rad/s.

6.3. Three-phase permanent magnet synchronous generator model

The permanent magnet synchronous machine is a regular synchronous machine
where the dc exciter is replaced by a permanent magnet. Using a permanent magnet
rotor instead off a dc exciter element, reduces the rotor and brushes losses, reduces
the weight and size of the machine and increases machine reliability. The dynamic

model of the three-PMSG can be described in the d-q reference system as follows.

6.3.1 Basic machine flux equations

The flux of the machine coils can describe by the following equations:

y=Li+yy (654)

Where:
=i i i]
wsr 1s the flux linkage from the permanent magnet rotor.

The inductance of the salient pole PMSG depends on the rotor position, since there is
no winding in the rotor the machine inductance given in Equation (6.31) can be

written as following [5-7]:

Laa Lab Lac
L =\ Lyy Lpp Ly (6.55)
L Ly, L

ca cc

186



Substituting equations (6.25) and (6.26) into (6.55):

Lo+ L, cos26 —MS+meos2(6’—%7r) —M‘Y+me0s2(6+%7r)
L= —MS+me052(9—%7r) LS+meosZ(6’—%7z) M+ L, cos6 (6.56)
—MS+meos2(6’+%7r) ~M + L, cos@ LS+meosz(9+%7r)

The relationship between the rotors permanent magnetic and stator winding flux can
be determined by defining coupling factors which depend on the stator and rotor

mechanical positions

T
Vs =[Fcoup cost  Fipyp COS(@—%?[) Fooup cos(é’-i—%/r)] (6.57)
Where Feoyp is the maximum magnetic coupling coefficient between the rotor and
stator

6.3.2 Machine inductance representation in the dq0 frame

The machine inductance can be written in dq0 as follows:

Laa Lab Lac
[qu0j|=c Lba Lbb Lbc Ct (6.58)
Lca ch Lcc
%Lm+(LS+MS) 0 0 L 0 0
[ Lago )= 0 3L, 4(L+M) 0 |=|0 Lg 0| (6.59)
0 0 I,—2m,| [0 0 L0

The permanent magnet rotor flux linkage matrix can be transferred to the dq0

reference frame:

Ve =Cy, (6.60)
3
WS/" _chou
2 P
v |4V (6.61)
Vo 0
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The flux linkage matrix in the dq0 frame is:

— 3 —
—F +Li
l//d Ld 0 0 l-d EF ﬁ coup d’d
2 coup
v =l o = ollil+ - L (6.62)
q q q 0 a4
v, 0 0 L, i 0 L,

6.3.3 Three-phase PMSG voltage and torque equations in the dq0 frame

Similarly to subsection 6.2.3, the PMSG voltage equation in the dq0 is shown in
(6.63) [8].

|:qu0] - _[R]|:idq0:| _(‘/’,}qo ‘Jcll//dqoj (6.63)
Va ~Ti, = pY, T oY,
v, | =| T, TPV, T OY, (6.64)
vO _rio _p'//()

The three-phase PMSG torque equation in dqO is:

T,= poleJ)airs(l//diq —y/qid) (6.65)

6.4. Dual three-phase permanent magnet synchronous generator model

Using a multi-phase machine in medium-voltage high-power applications is more
attractive than using a normal three-phase machine of the same rating. The multi -
phase machine gives the following benefits: lower per phase rated current, lower

current and torque ripple, lower dc voltage ripple, and higher reliability [9-12].

In the late 1920's, the dual three-phase synchronous machine was used for power
generation; then the extra phases were needed to overcome the limitation imposed by
the fault current interrupting capacity of circuit breakers [13]. The dual three-phase
permanent magnet synchronous generator (PMSG) has been proposed for power
supplies on aircraft and ships for the following reasons: 1- the dual three-phase

machine is able to supply AC power from one stator set and DC power through a
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rectifier connected to the other stator set: this means lower cost and weight than

alternative three-phase generator-transformer-rectifier systems. 2- smaller filtering

size is required because the rotor inertia helps smooth fluctuations in the energy

transfer [14].

The dual three-phase PMSG is composed of two symmetrical sets of three-phase

windings galvanically isolated and shifted by 30° electrical, called (abc and xyz) [11,

13, 15].

6.4.1 Basic machine equations

The voltage, current and flux of the machine coils can describe by the following

equations [16, 17].

Where

T
[il=[ia & i i iy 0]
I:R]=}’16X6

w 1s flux linkage.

[v)=-[RT:)-2{v] (6.66)

y=Li+yy (667)

wsr 1s the flux linkage from the permanent magnet rotor.

The inductance in salient pole machines depends on the rotor position and can

classified into two main groups: self-inductance L;; of each stator phase, and mutual-

inductance L;;, the mutual inductance between two stator phases [13, 17,18].

L;=L, +Lm.cos(2(49+a,-)) (6.68)

Ly =-M, —Lm.cos(2(6’+ai/-)) (6.69)

189



Where:
o0;: the angle between the axis of the phase under analysis and the reference
aii: angle of the relative position between the winding of the stator and rotor
ij equal (a, b, c, x, y and z) such that i#f

From equations(6.68) and (6.69) the self-inductance and the mutual-inductance of

the dual three-phase machine can write as follows.

Machine self-inductance equations:

Loy =Ly +L,, cos0 (6.70a)
Ly, = Ly + L c0s2(6 2 7) (6.70b)
Lee = Ly + Ly cos2(0+2 ) (6.70c)
=Ly + Ly c0s2(0-Lx) (6.70d)
L,=L +L, 0052(9 %7[) (6.70¢)
Ly =L+ Ly cos2(0+17) (6.70f)
(6.70)

As each stator winding is shifted in space relative to the others by 120°, the mutual
inductance between each stator winding is negative. The machine mutual-inductance

equations between any two stator phases are:
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Lac ==

L, =—"7M;—L,cos2
Ly =-
L, =-"7M;—L,cos2
Ly, =-V2M —L, cos2
Ly =—%M;—L, cos2

Ly, =—"%2M - L, cos2

Le=-

Ly, =-%aM¢—L, cos2
L.,=-%M;—L,cos2
Ly=-
Ly, =~

L,=-

Ly =-%M,—-L, cosZ(ﬂ—%ﬂ') = Lap = Lpg
1
i7)

M,

VaM,

YaM,

M,

VaM,

(
(
(
(
(
(
(
Ly =M =L, c0s2(0~ 57 > L, = L
(
(
(
(
(
(

YA,

—~L, cos2
0——7[)—>Lax =L,

—L, cos2 H—iﬂ')—>L =

9—i)_)be :be
1 —
€+E”)_>Lby =L
—L, cos2
-
9—i)—>L

— L, cos2

m

0-—

—L, cos2

N

+
A= ol -
LGB
RN

~

-L,cos2(0—-—+x

(6.71a)
(6.71b)
(6.71¢)
(6.71d)
(6.71¢)

(6.719)

(6.71g)
(6.71h)

(6.71i)
(6.71j)
(6.71k)
(6.711)
(6.71m)
(6.71n)
(6.710)

6.71)

Equations(6.70) and (6.71) are used to form the square inductance matrix, of order

6X06, partitioned between the sets of phases.

I :[Lsm LSISZ:|
Lgos1 Lsaso
Lip Loe Lax Loy Lg: |
Lyy Lye Lpe Ly, Ly
Lp Lee Lo Ly L
Ly Ly Ly Ly Ly
Lyb Lyc Lyx Lyy Lyz
Ly Ly Ly Ly Ly |

Where S can be (a, b and c), and S, can be (x, y and z).

(6.72)

(6.73)

The relationship between the rotor’s permanent magnetic and stator winding flux can

be determined by defining coupling factors which depends on the stator and rotor

mechanical position [16, 17].

Vo = Feoup cos(é’ + aif)
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}%oup

cos(0—27x
(0-37)

5 F

2
Coup cos(@ + —7[)

37

Yo = [qup cos(6+0)

E

coup

(6.75)
F

coup

F

COS(@—%?Z‘) cos(@—%ﬂ) Coup cos(0+

Where Feoup 1s the maximum magnetic coupling coefficient between the rotor and
stator, and ajr is the angle of the relative position between the stator and the rotor

windings.

6.4.2 dq0 representation

dq0 is used to simplify the inductance matrix (6.73) and flux linkage from the
permanent magnet rotor matrix (6.75) as shown in Section 6.1.3, The transformation

matrix Ceye 1S shown in equation (6.76) as represented in [19].

G 0
Cers | = 6.76
Col-| 7 o] (6.76)
[ cosf cos(&—%”) cos(0+27”) 0 0 0 |
—sin@ —Sil‘l(@—%ﬂ) —sin(&ﬁ—%n) 0 0 0
1 1 1
— — - 0 0 0
2 2 2
[Cos]=\3 1 5 67
0 0 0 COS(@—Eﬂ') COS(@—gﬂ') cos(9+577)
0 0 0 —sin(@—%ﬁ) —sin(ﬁ—%ﬁ) —sin(9+%ﬁ)
€ e €1
| ° ’ ’ G G ]
The inductance matrix can be transferred to dq0 frame as follows:
Laqo1 _|:C] 0 }{Lsm Lsmz} a o (6.78)
Ligo | [0 C[Lsast Lsas2]| 0 T
L CiLsiiCT CLg5,CY
dgO1 | _ | C1ts151¢1 1Ls15242 (6 79)
Lagor | | CyLgrsiC CyLgy52C
L, + L+ M 0 0 3L, 0 0
0 Li-3L,+M; 0 0 -1, 0
0 0 L.-2M 0 0 M
quo = 3 ! ! 3 s (6.80)
3Ly 0 0 SLy+Li+M; 0 0
0 M, 0 0 Li-3L,+ M 0
0 0 3M, 0 0 L,-2M,
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Since the generator is surface mounted magnet type, the self-inductances of the

windings in the quadrature and direct axes are the same (Lq1=L4>=L4, Lq1=Lyp=Lq and

M15=Mgs1) [20]. Self-inductance coefficients can be defined as:

Direct-axis synchronous inductance: 1, =31, + L, +M,

Quadrature-axis synchronous inductance: £, = L, -2 L, + M,

Mutual inductance coefficient: v, =31,

The permanent magnet rotor flux linkage matrix can transferred to the dq0 reference

frame as:

l//*‘fdlql

1:‘//%1242

Vst
Vst
Vsro
Yty
Vs,

]:

LYsro |

G
0

0 } Vst e
G| ¥y,

3
EFcoup

0
0

3
EF coup

0
0

|

(6.81)

(6.82)

The flux linkage matrix in the dq0 frame is shown in equations (6.83) and (6.84) .

[‘quoJ = [quOJ[iquJ + |:l//sf(dq0):|

L, 0
0 Lq
0 0
-M 5155 0
0 M
0 0

0
0

-3Ms
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My,
0
0
Ly
0
0

0
_MS 152
0
0
Lq
0

0
0

-3Ms
0

0
Ly

(6.83)
5 i}
idl b J;Fcaup
iql 0
j 0
ol | 4 (6.84)
g2 3
iq2 \EFcoup
i02 B 0
L O -




Va2

. . 3
Lyigy +Mslszld2 + \/;Fcoup

Lqiql - Msls2iq2

sto2

. . 3
Lyigy + Mslszldl + \EFcoup

Lq .q2 - MslsZiql
Lofop =3M iy

6.4.3 Voltage equation in the dq0 frame

(6.85)

Equation(6.66) can transferred to the dq0 frame as shown in Sections6.1.3 and 6.2.3.

Where:

i =¥ (v v

11
quOZ[le Vgl Vol Va2 Vg2 Von

t
lqu:[ldl i lo1 W2 g2 lon

6.4.4 Torque equations

—Figy = PW a1 + O g1
_riql - pl//ql — O g1
—rig) = PYWo1
—Figy = PW a2 + O o2

“Hgy = PV g2 — WOV a2

—Figp = P¥ 02

(6.86)

(6.87)

To complete the dual three-phase PMSG model, the electromagnetic torque is [21-

23]:

I, = POle_Pail’S(V/dliql —Waika1 TWa2iga — l//qzidz)

6.4.5 Simulation results

(6.88)

This subsection presents simulations to validate the PSCAD/EMTDC model of the

dual three-phase PMSG. The PMSG model uses the generator rotor speed and input

and output currents as feedback. A variable frequency PLL and transformation
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matrix (6.76) is used to convert the generator output current from a phase variable
representation to the dq0 reference frame. The generator output current in the dq0
frame is passed through a differential block in the simulation model to obtain p[igqo],
where ‘p’ represents the time derivative operation. The rotor speed, [igq0] and p[igqo]
are substituted into equation (6.87) to give [vqq]. The inverting transformation
[C6x6]T, is used to convert the generator terminal voltages from the [vaq]

representation to the phase variable [v] form.

For validation, the PMSG is connected to a resistive load of 4.356Q per phase, which
is equivalent to SMW at rated voltage and speed, as shown in Table6.1 The generator
rotor is connected to a prime mover providing an input mechanical torque of
0.265MNm. Figure 6.4 show waveforms summarizing the performance of the
proposed dual three-phase PMSG model. Figure 6.4 (a) shows rotor speed and Figure
6.4 (b) and (c), shows detailed voltage waveforms, which confirm that the generator

model provides a stable output voltage over the full operating range.

Table6.1 Dual three-phase PMSG parameters

Parameter I value
Rated power 5.2 MVA
Rated speed 180 rpm
Rated voltage 33kV
Direct-axis inductance 0.008 H
Quadrature-axis inductance 0.008 H
Mutual inductance coefficient 0.001 H
Number of poles 34
Permanent magnetic flux 15 Wb
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(a) Prime mover speed (b) Generator output voltage, increasing with

rotor speed
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(c)Generator output voltage during start up: detailed waveforms

Figure 6.4 Waveforms showing overall performance of the dual three-phase PMSG model.
6.5. Wind turbine model and emulator

6.5.1 Wind turbine model

The wind turbine model, based on steady-state power characteristics, is described in

[24]-[27]. The output aerodynamic power of the wind turbine is
Prurbine = l/szCp 4, ﬁ)V3 (689)

Where p is the air density (1.225 kg/mz), A is the rotor swept area (m?), Cp is the
power coefficient, 7 is the wind speed (m/s) and f is the blade pitch angle (°). 4 is the
tip speed ratio(6.90):

(6.90)

Where o, is the rotor angular velocity (rad/s) and R; is the rotor radius (m).

The power coefficient C, is a nonlinear function of tip speed ratio 4 and blade pitch
angle S for a constant wind speed. The power coefficient C, is maximum at Aop and

is calculated using a generic equation as shown in (6.91) [28], where 4; is defined
by(6.92).
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21
116 N
C, _0.5176{7—0.4,/3—5}@“ —0.006795%; (6.91)

1

-1
1 0.035
%= L 10088 3 +1} (6:92)

Figure 6.5 shows the power coefficient C, and the tip speed ratio characteristics, for
different pitch angle values. From Figure 6.5 Cymax (the maximum value of C,) is
found to be 0.48 and A= 8.1 at =0, meaning the power extracted from the wind is
never greater than 48%. This is a consequence of aerodynamic losses which are

dependent upon factors such as blade shape, weight and stiffness [24].

Jopt can be used to determine the optimal turbine rotational speed wep: as shown in
equation (6.93). wep 1s a unique wind turbine parameter that gives maximum output
power for a given wind speed. Thus, wind energy conversion system load control
results in turbine rotor variable-speed operation such that maximum wind power is
extracted continuously. This technique is known as maximum power point tracking

(MPPT) control.

Vot (6.93)

0.50
0.45-
— 0.40
[ am
D035
o
& 0.30-
S
Q 0.25
g 0.20
2 016
Q- o.10
0.05
0.00

Figure 6.5 The C,-A characteristics, for different pitch angles.

6.5.2 Wind turbine emulator

The wind turbine emulator (WTE) is based on a microcontroller system and a

separately-excited dc motor. The WTE can accurately reproduce the characteristics
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of a real wind turbine by changing the produced dc motor torque and speed
according to the wind turbine characteristics. To simplify WTE control, the dc motor
field current is kept constant, to make the developed electromechanical torque (7¢) of
the DC motor, only a function of the armature current (/,). Equation (6.94) describes

the developed electromechanical torque (7%), with torque constant K.

T,=KI

e a

(6.94)
The WTE controller is shown in Figure 6.6, and developed according to:

e First the microcontroller detects motor armature current /, and motor speed
om and divides the speed by the gear box ratio (GBR) to get the turbine shaft
speed w;.

e According to the given wind speed and wind turbine model, the
microcontroller calculates the corresponding turbine torque 7.

e Turbine torque is divided by the GBR to get the reference dc motor torque
T, which is converted to reference current 7, rr by dividing by the dc motor
constant K.

e The armature current error is passed through a proportional integral (PI)
controller to get the reference armature voltage V, s value.

e J, rris an analog signal sent to the programmable dc power supply to supply

the dc motor.

Wm Wy

: : Tt Tm Ia ref V
equations A
la

Figure 6.6 WTE control loop.

6.6. Summary

This chapter considered modelling of a three-phase synchronous generator and a dual
three-phase PMSG based on Park’s transformation. Then three-phase synchronous

generator model and dual three-phase PMSG were discussed.
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The last section of this chapter discussed the wind turbine model, showing how to
obtain the optimal wind turbine speed for any wind speed. The proposed wind
turbine emulator based on microcontroller system and a separately-excited dc motor,
was presented. This wind turbine emulator is to be used in the experimental
prototype of the proposed wind energy conversion systems, discussed in chapter

seven.
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Chapter 7. Proposed Wind Energy Conversion System

This chapter proposes three different variable speed wind energy conversion systems
(WECS) that employ current source converters for interfacing between a wind
generator and the grid. The proposed WECSs employ different variants of the buck-
boost discussed in Chapter five. The generator side converter produces variable
voltage and frequency with maximum power capturing. On the grid side, six-pulse
and dual six-pulse current converters inject the generated power into the grid. The
proposed WECSs offer all the features of the voltage source converter based systems
such as voltage control, fault ride-through capability, and maximum power-point
tracking (MPPT). These features are achieved with increased reliability and
improved ac side current and voltage waveform quality, and with a reduced
switching frequency. The validity of the proposed WECS is confirmed using

simulations and experimentation, and major findings are highlighted.

7.1. Background

Wind energy is a growing and promising renewable energy source for small and
large-scale energy harvesting. WECS can be classified into two types: fixed-speed
and variable-speed. However, variable speed is preferred because it allows maximum
power extraction as the wind speed varies [1, 2]. Traditionally, variable speed
WECSs employ fractionally or fully rated back-to-back (BTB) converters to form the
doubly fed induction generator (DFIG) or the electrically excited (or permanent
magnet) synchronous generator as shown in Figure 7.1. The fully rated converter
type decouples the grid side from generator side because of a dc link shunt capacitor
in the voltage source converter system or the series inductor in the current source

converter counterpart [3].
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(a) WECS based on a fractionally rated BTB converter.
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(b) WECS based on a full-rated BTB converter.
Figure 7.1 Variable-speed drive based WECS.
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7.2. First proposal WECS (Dual three-phase PMSG, dual-bridge CSR and
dual-bridge CSI)

Figure 7.2 shows the first WECS proposal, where both the current source rectifier
and the inverter are controlled using selective harmonic elimination (SHE) in order
to achieve low-loss operation. The CSI is connected to the grid through a three-
winding phase shifting transformer to benefit from harmonic cancellation on the grid
side (primary winding), where the secondary and tertiary windings are delta (A) and
wye (Y) connected respectively[4]. Thus with SHE eliminating the 11™ and 13"
harmonics, the converter switching devices operate at a low switching frequency.
SHE PWM is utilised on the CSR to provide a superior harmonic profile with
minimal switching losses over a wide frequency range. The inductance between the
generator side converter and the grid side converter allows placing of the heavy
equipment (grid-side transformer, CSI, and dc-link inductance) at the bottom of the
wind turbine tower, for ease of installation and access. The WECS is modelled in
PSCAD/EMTDC, and incorporates MPPT and reactive power control. A three-
bladed horizontal-axis wind turbine with no blade pitch angle control (5=0) is

considered.
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7.2.1 Control strategy

Since the wind turbine gives it maximum output power at optimal speed wop,
equation (7.1) is used to determine the optimal turbine speed at each wind speed [5,
6].Thus, WECS load control results in variable-speed operation of the turbine rotor
such that maximum power is extracted continuously from the wind (maximum power

point tracking (MPPT) control.

Oy _gpr Lot (7.1)
Rt
Where GBR is the gear box ratio, V is wind speed (m/s), Ay 1s the optimal tip speed

ratio and equals to 8.1 as discussed in Chapter 6, and R, is rotor radius (m).

Generator side converter
The generator side converter consists of two identical current source rectifiers (CSR)
connected in series, in which SHE eliminates the 11" and 13™ harmonics to ensure
that the proposed WECS exchanges sinusoidal current from the dual three-phase
PMSG with minimum pulsating torque and at a low switching frequency. A
Weighted Least-Squares Estimation (WLSE) is used to detect the generator output
voltage, frequency, and phase shift [7, §].

The dual CSRs have two main control loops, where the first is the MPPT control
loop, shown in Figure 7.3, which forces the wind turbine to operate at optimal speed.
The system operating sequence is as follows: the controller detects the wind speed

and calculates the corresponding optimal turbine speed wop according to(7.1).
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Multiplying this speed by the gearbox ratio gives the optimal generator speed wg opt.
The dc-link inductor reference current /i4c rf is obtained from the speed controller
which forces the generator speed wg to follow wg opt. A proportional-integral (PI)
speed controller is used. /i rr 1s passed to an inner controller that regulates inductor
current /1 4. and estimates the modulation index m for both CSR converters. Any
change in the dc side inductor current changes the PMSG electromagnetic torque 7.

which, in turn, changes the turbine speed.

The second control loop, in Figure 7.3, controls the generator power factor, that is,
the reactive power exchange with the dual CSR converters. This controller is used to
estimate angle a which is added to angle wt, derived from the phase locked loop

(PLL), to give the reference angle required by the SHE gate signal generator.

model ratio SHE

ARAANS
Converter 1
gate signals

R PLL ..., i S A | > 3
' frequency § 4 < SHE 3t 5
§ Vo > bty - Y S 326
[RV/ b ——~
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Figure 7.3 Control strategy of the first WECS proposal.

Grid side converter
The grid side converter uses dual three-phase current source inverters (CSI) with a
three-winding phase shifting transformer, see Figure 7.2. This transformer cancels
the Sth, 7th, l7th, 19th, 27th, 31%, etc. harmonic currents [4]. The control switching
patterns provided to the inverters eliminate the 11™ and 13™ harmonics, meaning that
for a 50Hz supply, the converter switches operate at a low switching frequency of
approximately 350Hz. The combination of sinusoidal current, low switching
frequency and reliable high-voltage operation offered by the proposed configuration
makes it particularly suited to high-power applications. The dual CSI controller
operates so as to enable all of the generator output power to be injected into the grid,
and to regulate the dual CSI reactive power exchanged with the grid. The dual CSI

does not need to control active power since this is already controlled by adjusting the
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dc-link inductor current using the generator side converter. This makes the proposed

WECS both simple and easy to control.

7.2.2 Simulation results

The system parameters used in the simulation study are given in Table 7.1. The
system is simulated and assessed at initial wind speed of 8m/s, which undergoes a
step increase to 12.5m/s and then a step decrease to 10m/s, thus enabling examination
of the dynamic performance and stability of the proposed system. According to (7.1),
the optimal generator speed at each wind speed are 114.5rpm, 178.8rpm and 143rpm
respectively, and the corresponding maximum generator output powers are 1.37MW,

5.26MW and 2.7MW.

Figure 7.5(a) shows that the WECS operates under optimal conditions with minimum
transients at wind speed changes. Figure 7.5(b) shows the measured and reference dc
side inductor currents. As the wind speed changes from 8m/s to 12.5m/s, the
controller decreases the reference current to decrease the electromagnetic torque.
Thus the wind turbine speed increases rapidly and vice versa during the wind speed
decrease from 12.5m/s to 10m/s. Figure 7.5(c) illustrates generator output power,
showing the proposed WECS tracks maximum power at different wind speeds.
Figure 7.5(a) and (b) show that the dual CSI injects sinusoidal currents into the grid at

unity power factor, and that voltage and current ripple are both low.
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Table 7.1 First proposed WECS simulation setup parameters.

Dual three-phase PMSG Parameters
Rated power 5.2 MVA
Rated speed 180 rpm
Rated voltage 33kV
Direct-axis inductance 0.008 H
Quadrature-axis inductance 0.008 H
Mutual inductance coefficient 0.001 H
Number of poles 34
Permanent magnetic flux 15 Wb
Wind Turbine Parameters
Rated power 5.2 MW
Cut-in wind speed 4 m/s
Rated wind speed 12.5 m/s
Cut-out wind speed 25 m/s
Rotor diameter 108 m
Rotor area 9160 m’
Gearbox ratio 1:10
Converter Parameters
Dual CSR C-filter 220 uF (¥
connection)
DC side inductance 20 mH
Dual CSI C-filter 30 uE (4
connection)
Phase-shifted transformer rated 59 MVA
power
Phase-shifted transformer rated 33KV
voltage

dc side coil
actual current

Optimal-speed
reference

V3] UL JUSLING [109 3pIS DT

dc side coil
reference current

5.0

10.0

(a) Actual and optimal generator shaft speed.
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(b) Required and actual dc current.
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(c) Generator output power

Figure 7.4 Waveforms of the overall performance of the first WECS proposal.
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Figure 7.5 Waveforms of the dual-bridge CSI grid delivered current.

(a) Grid voltage and current at =10 m/s

7.2.3 Experimental Validation

Figure 7.6 shows the scaled down experimental WECS based on a 2kVA dual CSI,
which is operated at a constant modulation index (m=1) and unity power factor, with
the controller forcing the dual CSI reactive power output to zero. Figure 7.7 shows
sample gating signals supplied to the dual CSI that contain seven pulses per
fundamental (50Hz) cycle, such that each device operates with a switching frequency
of 350Hz. Figure 7.8 shows that phase ‘a’ of the grid voltage and dual CSI phase ‘a’

output current are in phase, confirming zero reactive power transfer and that

sinusoidal current is injected into the grid

Figure 7.6 First proposal experimental test rig.
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Figure 7.8 Experimental results for the proposal dual-bridge CSI (Phase ‘@’ grid voltage and dual CSI

phase ‘a’ output current)

7.3. Second proposal WECS (Three-phase PMSG and the current source
based three-phase BTB converter)

Figure 7.9 shows the second proposed variable speed WECS based on the three-

phase BTB current source converters proposed in Chapter 5.

7.3.1 Control strategy

There are two main control loops: 1* MPPT controller and o grid reactive power

controller.

Maximum power point tracking controller
The proposed MPPT control loop consists of two control loops, (inner and outer), as
shown in Figure 7.9. The outer control loop detects the wind speed and uses equation
(7.1) to calculate the corresponding optimal generator speed wo. The speed
regulator based on proportional-integral (PI) control estimates the reference average
dc-link inductor current Iy ¢ for the inner control loop. The inner controller, which
regulates I, and estimates the duty cycle & for switch S,, necessary to control the
power flow from the wind generator into the grid, as will be illustrated in the

subsequent analysis.
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Figure 7.9 Second WECS proposal, with maximum power point tracking control loop.

The starting point to establish the relationship between the powers delivered to the
grid and the dc-link inductor current I, and the relation between the dc-link inductor

current Iy and generator current, is the active and reactive powers Py and Q,:

Pg :%idsvds (7.2)
Qg :_73iqsvds (73)
Where vy 1s the d component of the grid voltage (V5), assuming the grid voltage

vector is aligned with the d-axis (v4=0), and igs, iqs are d and g current components

that the current grid side converter inject into grid.

Based on Figure 7.10, the steady state equations that describe the ac side of the grid

side converter are:

Veid = Rilgg — wsLsisq + Vg (74)
Veig = RSiSq + wsle.sd (75)

Where L and Ry are the transformer leakage inductance and resistance, and v.jq and
Veiq are the d and g components of the grid side filter capacitor voltage. Similarly, the

filter capacitor current i; is:

ic[d =~ Cch[q (7 . 6)

iciq = a)scivcid (77)
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The current provided by the CSI i; is the sum of the grid current i; and the capacitor

C; current i.;. The CSI output current i is:

itstsq

idi :(lfa)sZCiLs)isd 7COSC‘R‘I- (7'8)
igi = (1= 2L )igg + @,Ci (v + Ridsa) (7.9)
For modulation index m=1, as being considered here, the average current at the CSI

input I; equals the peak fundament current of Iy; (recall I,,; = ml, ). The following

equations result:

i =i+ 51 (7.10)

— 2 2
Ii = Imi = \/((1 - wfcil‘s )l‘sd - wsCiRsisq) + ((1 - a)szciLs )isq + a)sci (Vsd + Rsisd )) (7 1 1)

Assuming that the grid reactive power controller operates at unity power factor,

iqs=0, equation (7.11) reduces to:

I= \/(1 - w_fLsc,.)2 i3, + @2 C? (vgg + Ryige ) (7.12)

Since the current entering the CSI /; equals the dc-link inductor current /i when the

switch S; is off, the average dc-link inductor current I}, can be of obtained from (7.13)

I - (1_1—5)7,- (7.13)
Substitute (7.13) into (7.12) gives:
I, = (1_15) \/(1 - a;fLsc,')2 2y + @ C (vya) + Rsis(d))z (7.14)
Combining equation (7.2) ((igs = 1.:5“) and (7.14) gives:
of P, Y p, Y
Z:ﬁ \j(l—meSci) [1.5vid)] + [vds +R, 1.5vf(d)] (7.15)

Equation (7.15) describes the relationship between I, and & (switch S; duty cycle)

and active power P, delivered to the grid.
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Figure 7.10 Single line diagram representation of the second WECS proposal.

Furthermore, the effect of varying J (switch S; duty cycle) on the average dc-link

inductor current I;, and generator current i, can be established.

The generator side C-filter currents:

ng(d) :Cg(pvgd _a)evgq) (7.16)
ngd = Cg (pvgq - wevgd) (7 1 7)
The rectifier input current is obtained by subtracting the capacitor current from the

generator current. The steady state rectifier input current is shown in equations (7.18)

and (7.19).

ird = igd + CUECngq (7. 1 8)
irg =gy = @,CqVyy (7.19)

The peak fundamental rectifier input current can be calculated from:
L) = (i,zd +i,2q) (7.20)

The spectrum of the rectifier input current ir shown in Figure 7.11 can be obtained

using the double Fourier series in complex form [9]:

5 o 11
2T or

J. ILe"'(m“”y)dxdy +

Z -1 Z

. 1
Lr(m,n) = ?

N Sy
‘a '—;0\‘;

or
j 1,6/ gy (7.21)
—or

o
o

6

Where y=wot and x=ot, ®o and o, respectively represent fundamental and carrier
frequencies in rad/s, and m and n respectively are the orders of the carrier and
baseband component harmonics. As described in Chapter four, the rectifier input

fundamental component peak Iy, is:
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Figure 7.11 Rectifier input current within one carrier cycle.

After combining(7.18), (7.19), (7.20), and (7.22):

Via i 2 . 2
Iy = %\/(’gw) wevae) * (g~ %Cevea) (7.23)

From this analysis, the average dc-link inductor current I, is controlled by changing
the duty cycle J of switch S;. Increasing the duty cycle § will increase I, hence
according to equations (7.20) and (7.22) the generator current will increase which
will tends to increase the electromagnetic torque and decrease the turbine speed. Also
according to equation (7.23), the active power delivered to the grid will increase.

Decreasing the duty cycle 0 has the inverse effect.

i1. Grid reactive power controller
The reactive power controller in Figure 7.9 is used to adjust the phase angle o
between the grid voltage and current vector. The CSI injects into the grid, based on
the reactive power demand set point QO,.s. Therefore, the required phase angle o for

arbitrary reactive power is estimated using PI control as:
@ =k,o(Q, 0 +ky [ (O, — Ot (7.24)

Where kyq and kiq are the proportional and integral gains of the reactive power
controller. The estimated phase angle a from (7.24) is added to angle wt from the
phase locked loop (PLL), and the resultant angle w#+ a is used to provide the SHE
algorithm time base. Calculation of a based on (7.24) is not the same as the CSI load
angle A, which is given by (7.25). 4 is set indirectly by the amount of active power
CSI exchanges with the grid.
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@y Ci (Vds + Rsids )

(7.25)

~1 g _
A=tan'| 2L = tan~!
liq

7.3.2 Simulations

Table 7.2 summarises parameters used in simulations and experimental test rig of the

second proposed WECS, Figure 7.9.

Table 7.2 Simulation and experimental system parameters of the second WECS.

Simulation Experimentation
Wind turbine parameters
Rated power 0.52MW 2kW
Rated wind speed 12.5m/s 12.5m/s
Cut-in wind speed 4m/s 4m/s
Cut-out wind speed 25m/s 25m/s
Rotor diameter 1.8m 1.8m
Rotor area 10178m’ 10.2m*
Gearbox ratio 1:5.7 1:2.8
Grid parameters
Voltage 3.3kVL-L 140VL L
Frequency 50Hz 50 Hz
Grid connected transformer
Power 0.5 MW 2.0kW
Voltage 3.3/1.65 kVL-L 400/200V L-L

Generator parameters

Rated power 0.5IMW 6.0kW
Synchronous inductance 20mH 35mH
Number of Poles 20 4

Converter parameters
Generator side Capacitor 200pF Y connected 150pF Y connected
dc-link inductance 10mH 12.5mH
Grid side capacitor 250 uF Y connected 100 A connected
Rated power 0.55MW 2kW
Rated reactive power 0.15SMVAr 100VAr

Normal operation
To assess the dynamic performance of the proposed WECS, its illustrative version in
Figure 7.91s simulated using PSCAD/EMTDC. The wind speed is varied from 6m/s
to 10m/s through intermediate steps of 8m/s and 12.5m/s, and the results are shown
in Figure 7.12 and Figure 7.13. Figure 7.12(a) shows the wind PMSG generator
speed follows the optimal speed provided by MPPT, as the wind speed varies. Figure
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7.12(b) is a detailed viewed of the generator speed during the wind speed transition
from 8m/s to 12.5ms, where the generator speed is able track optimal values, with
minimal transient and time lag. The steady-state error between the measured and
optimal speed is less than 1%. The two speeds converge slowly after several seconds
due to large inertia of the wind turbine generator. Figure 7.12(c) shows the power the
CSI exchanges with the grid as the wind speed varies according to the given profile.
Figure 7.12(d) is a detailed view of the power plot in Figure 7.12(c), focused around
the wind speed transition from 8m/s to 12.5ms. The proposed WECS controller
decreases the grid power to decrease the mechanical torque provided by the
generator during the wind speed change from 8m/s to 12.5m/s. Decreasing the
generator torque allows the wind turbine to speed up and decrease the transient time
during the speed change.

Figure 7.13 is a detailed view of the grid currents and phase ‘a’ voltage during the
wind speed profile, where the proposed WECS produces sinusoidal currents into the
grid with near unity power factor over the range considered. At low wind speed, the

power factor is lower, as expected for light loads.
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Figure 7.12 Simulation waveforms of generator speed and grid output power.
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Figure 7.13 Simulation of grid current and phase ‘a’ voltage for the wind speed profile.

Low voltage ride-through (LVRT) illustration

This subsection investigates the fault ride-through capability of the proposed WECS
during an ac network fault. During the grid fault, the grid voltage collapses to 10% of
its rated value. In most grid codes, such as the GB’s, there is requirement that the
wind turbine remains connected to the grid and supplies full reactive current[10]. As
a result, the CSI cannot deliver to the grid the active power produced by the wind
turbine. This will create a significant power imbalance between the CSI ac and dc
sides that could cause a massive increase in the dc-link inductor current /;. Such
over-current may damage the CSI. Any pitch control will be too slow to be effective,
and the excess energy results in a speed increase as excess energy is initially stored
in the turbine inertia. Alternatively or additionally, in an attempt to improve the
resiliency of the proposed WECS to such faults, the power dissipation mechanism
consists of a resistor with a power electronics shunting switch, as shown in Figure
7.10. (A shunt dumping circuit parallel to Lg4 is an alternative, with lower losses.)
During normal operation switch (S¢amp) 1S used to bypass the damping resistance
Rdamp. During grid short circuit, the WECS dissipates some energy in the damping
resistor Rgamp and temporary stores the rest in the turbine-generator mechanical
system inertia, while the dc-link inductors current /i is restrained by the following

LVRT mechanism:
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e In the charging mode, if the dc-link inductor current Iy reaches its maximum
limit, the switch S; (the pre-existing switch in the CSR) is turned off until the
current /i, reaches the lower boundary of the charging current.

e In the discharge mode, if the dc-link inductor 7, reaches its upper limit, the
switch Sgamp 1 turned off to insert the resistor Rgamp into the conduction path,
preventing /; from increasing, thus protecting the CSI from over current.

Whence the system is protected.

Although the proposed LVRT technique is simple, easy to implement, with high
reliability and durability, it has the following drawbacks: extra hardware and
continuous conduction losses in the switch Sgamp under normal operation. Another
solution is to control the dc-link current by controlling the grid side converter as

shown in [11].

In this simulation section, the proposed LVRT technique is tested during a three-
phase grid short circuit close to the PCC, with a 140ms fault duration. The proposed
BTB will supply the grid with full rated reactive current. When the need for LVRT is
detected, the control operation is modified as follows: 1) the upper and lower current
limits for the switches S; and Sgamp are set to 0.37kA and 0.35kA. This allows control
of the average dc-link inductor current to be coordinated between switches S, and
Sdamp-. 2) An additional controller is dedicated to adjusting the CSI modulation index
and phase angle in order to regulate its reactive current injection into the grid during
the short circuit (this controller operates only when a grid short circuit is detected).
Figure 7.14(a) shows the temporary generator over-speed (5%) as the three-phase ac
fault creates power imbalance between the ac and dc sides. The active power that
cannot be transferred into ac side is absorbed by the mechanical inertia of the wind-
turbine generator. As the grid voltage recovers when the fault is cleared, the
controller slows the generator speed to the optimal speed. Figure 7.14(b) shows that
the proposal WECS supplies the grid with full rated reactive current during the
LVRT period and is able to redeliver controlled active power in a short time. Figure
7.14(c) shows that the wind turbine torque decreases when the generator speed
increases during the grid fault. Figure 7.14(d) shows that the grid power drops to

zero during the grid fault and build up when the grid recovers. Figure 7.15shows
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waveforms that summarize the performance of the proposed current limiter. From
Figure 7.15(a), the proposal LVRT technique regulates the dc-link inductor current Iy
within the desired limits during the grid fault. Figure 7.15(b) shows the current in the
LVRT resistor. Figure 7.15(c) shows that the grid gq-component current is increased

to the rated value during the fault and decreases when the fault is cleared.
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Figure 7.14 Performance waveforms of the proposed WECS during a LVRT condition.
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7.3.3 Experimental Results

This section presents experimental evaluation of the second WECS proposal, with
emphasis on its steady state and dynamic performance. The ability to MPPT is
assessed by varying the wind speed in four steps (6m/s, 10m/s, 8m/s and 9m/s),
where each step is maintained for 40s. Figure 7.16 show the WECS test rig, which

consists of five main parts.

1. Programmable dc supply: used to provide adjustable dc voltage to supply the dc
motor, the reference dc voltage signal is received from the wind turbine emulator
controller.

2. Motor generator set: consist of a separately excited dc motor acting as a prime
mover for the three-phase synchronise generator, where the field current of the
synchronous generator is fixed to make it operate as PMSG.

3. Grid connected transformer: to isolate the WECS from the grid.

4. Three-phase supply: provides an adjustable three-phase supply, representing the
grid.

5. WTE controller: two functions, first: makes the dc motor behave like a real wind
turbine, by detecting motor speed and current then applying the wind turbine
equations to provide the reference voltage to the programmable dc supply.
Second, it sends the wind speed to the BTB converter and controller.

6. BTB converter and controller: consists of the proposed BTB converter circuit
shown in Figure 7.16 and the controller reads the grid current, grid voltage and

wind speed then applies MPPT and reactive power control.

The results are displayed in Figure 7.17 to Figure 7.20. Figure 7.17(a) shows the
optimal speed and generator speed, and active power the CSI delivers into the grid.
The proposed controller tracks the optimal speed at different wind speeds, with
minimum over/under shoot, and with smooth active power changes delivered to the
grid as the wind speed varies. Figure 7.17(b) shows dc-link inductor current Iy,
switch current Is and CSI dc input current /;, at 8m/s wind speed. The dc-link
inductor current Iy is the switch current when the switch S; in on and is the CSI input
current /; when the switch S; in off. Figure 7.18 shows snapshots of the output grid

current and phase ‘a’ voltage at different wind speeds, where Figure 7.18 and Figure
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7.19 show that the proposed WECS supplies power to the grid, with high quality
sinusoidal current, and the reactive power controller is able to regulate the reactive
power injection into the grid, at zero. However, the power factor is less than unity in
case in Figure 7.18(a) as the filter size used at the input of the CSI is extremely large
and the active power from the turbine is low. Figure 7.20(c) and (d) show that the
generator currents at 9m/s and 10m/s wind speed have different magnitudes and

frequencies, as expected.

The simulation and experimental results presented in section 7.3.2 and 7.3.3 show
that the proposed BTB topology is suitable for wind energy conversion systems, as it
allows proper system operation with a fixed frequency at the grid side and variable

frequency at the generator side.

(1) Programmable d.
power supply
(4) Three-
phase supply

(6) BTB
ller 238 e o : [y g y X onverter and
controller - ! , B i % A controller

Figure 7.16 Second proposed WECS test rig
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Figure 7.17 Waveforms of the overall performance of the second WECS proposed.
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Figure 7.20 the generator current of the second WECS proposed.

7.4. Third WECS proposed (Dual three-phase PMSG and the proposed

current source based dual three-phase BTB converter)

The WECS shown in Figure 7.21(a) consists of a wind turbine, a medium-speed
drive gear box, a six-phase PMSG, a generator-side C-filter (Cr; and Cgy), the
proposed BTB converter, and a grid-side C-filter (Cj; and Cj,), connected to the grid
through a three-winding phase-shift transformer. As discussed in Chapter five the
problem of high voltage stresses are partially solved by using two switching devices

Si1 and S to share the overall voltage stress, as shown in Figure 7.21(b).

The control strategy for the third WECS proposal is similar to that in the second
proposed WECS.

7.4.1 Magneto-motive forces produced by the harmonic currents drawn by the

generator side converter

The magneto motive force (MMF) produced by the generator current in the air gap

1s:
MMF = NI'sin(6) (7.26)
Where N is number of turns, / is stator current, and 6 is the mechanical angle.

The analysis of the MMF produced by the generator side converter current

harmonics is performed in two steps.
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(a) Third WECS proposal
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(b) Modified version of the third proposal.
Figure 7.21 The third WECS proposal.
First step: Mathematically analyse the unwanted low frequency harmonics (fifth and
seventh) generated by the switching process of switch S,. Similarly to the three-phase
configuration, the per phase-rectifier input current is the same as in Figure 7.11, and

the peak of the rectifier input fundamental component /i, is as in equation (7.22)

The carrier frequency harmonic components are obtained by setting n=0 in(7.21),

yielding

. 41,
Lm0y = Ao + JBo = 3mj[ sin(Smr) (7.27)

From(7.27), Apo = %and B0 = 0. The peaks of the 1* and 2™ carrier frequency

components can be obtained by setting m=1 and 2.

The sideband harmonics obtained by computing (7.21) for non-zero m and n are:

41L2 sin(ém;r)sin(% nﬁ)ej%”(nm (7.28)

. . J
lr(mn) = Amn + ]an =
nmpx
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.1
From(7.28), Amn=o andan—3I sm(SmT[)sm( m‘t) 2" and from the

double Fourier series, the rectifier input current i, expressions are:

i.()= %Aoo + Z(AO,, cos nayt + By, sin nayt) + Z(Amo cosma,t + B,,osinma,t)
n=l1 m=1 (7 29)
+Z Z (4, cos((ma,, + nawy )t) +B,,, sin((maw, + nay)t))

m=1 n=—0

() =——" zféh Z—sm w0t+—2—sm Smr)cos ma,t
=l (7.30)

4IL Z Z —sin 5m7r)sm(1 mr)e“”("+ )sm((ma) + nawy)t)

”mln

The first term in equation (7.29) represents the dc-offset where n=m=0. The first
summation (X;-;...) defines the fundamental low-frequency harmonics which
include the low-order undesired harmonics. The second summation (XYm—;...)
corresponds to the high-frequency carrier-wave harmonics. The third summation
Pm=1 22 -.) refers to the sideband harmonics, which exist as groups around the

carrier harmonic frequencies [9].

Equation (7.30) provides a theoretical solution for interpreting the ac harmonic
distribution of the generator side converter current, including basebands, carrier
frequency, and sidebands harmonics. In addition, (7.30) assists the filter design as it
provides information about the location of the dominant low-order and switching
frequencies to be eliminated. The fifth and seventh harmonic currents of Statorl
winding are expressed by substituting n=5 and 7 respectively in the first term of

(7.30), as follows:

2\/=5L1

i,,a(s’l) = Sln Sa)ot

bep(s,1) = ZJ_&[L 1 sm5(a)0t——7r) (7.31)

2f51L |

551n5(a) t+= ﬂ')

bre(s,1) =
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szL 1

bra(7,)) = = sinTayt
. 2361
oo = fﬁ L Lin7 (e~ 27) (7.32)
2f 3611 |

lie(7,1) = sm7(a)0t +£ ﬂ')

Since the two sets of three-phase stator PMSG windings are shifted by 30° electrical,

the fifth and seventh harmonic currents of the Stator2 winding are:

2J’51L 1

lra(5,2) = s1n5(a) t——zr)

2f(m 1

sm5(a)oz——7r—l7r) (7.33)

Ip(5,2) = o

2\Ff51L1 1

bre(5,2) = sm5(a)01+ ﬂ'—gﬂ')

2\/'51L Liin

ba(1,2) = 7(th ——”)

irb(7,2) 2\F51L 1 s1n7(w0t——7r—l7r) (7.34)

6
2f<m 1

sm7(a)0t+ ﬂ—lﬁ)

irc(7,2) 6

Second step: Calculate the resultant MMF of the fifth and seventh harmonics in the

The MMF produced by fifth harmonic current of the Stator] winding is calculated by

substituting equation (7.31) into (7.26) giving:

~ Zx/§5llN 1 sinSa)otsin9+sinS(a)Ot—%ﬂ)sin(H—%ﬂ)

< (7.35)
5 +sin5(a)0t+%ﬁ)sin(0+%7r)
wargy =~ 2PN g san (7.36)

Similarly MMF 7 1), MMF s 5y and MMF 7 5
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2BSI; N 3

MMFq 1) = ECOS(@ - Tant) (7.37)
MMF{s ) = M/gf#%cos(ﬁ + 5wpt) (7.38)
MMF7 5y = —zﬁj%%cos(@ - Tapt) (739)

Equations (7.40) and (7.41) show the resultant MMFs and MMF; respectively,
proving MMF cancellation, showing the desirable feature of using a multi-phase

machine.

MMF; = MMF{s 1, + MMFs , =0 (7.40)
MMF; = MMF; 1y + MMF7 5, =0 (7.41)

The first pulsating torque is from the eleventh harmonics current, which can be

removed by the generator side C-filter.
7.4.2 Simulation results

Normal operating condition
The WECS in Figure 7.21 is simulated using PSCAD/EMTDC. The system
parameters used in the simulation study are given in Table 7.3. To assess the steady
state and dynamic performance of the proposed WECS, the system is simulated at
several wind speeds conditions from 6.5m/s to rated wind speed, 12.5m/s. Figure
7.22 shows waveforms that summarize the overall performance of the proposed
WECS. In Figure 7.22(a), the proposed WECS operates under optimal conditions,
with minimum transients at the different wind speed steps and is able to track
maximum power from the wind turbine. Figure 7.22(b) shows the changes in the
active power delivered into the grid by the dual CSI, at different wind speeds. Figure
7.22(c) gives a detailed view of the active power delivered into grid as the wind
speed changes from 10m/s to 12.5m/s. The proposed WECS decreases the power
delivered to the grid; to decrease the electrometrical torque produce by the generator,
to decrease the time needed to build up the turbine speed and reduce the transient
time. Figure 7.22(c) shows that the average dc-link inductor current increases to

compensate the increase the power delivered to the grid.
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Figure 7.23(a) and (b) show the simulated grid currents and phase ‘a’ voltage at
12.5m/s and 10m/s wind speed, where the proposal BTB converter delivers to the
grid, sinusoidal current with nearly unity power factor. Figure 7.23(c) and (d) shows

the generator current of phases ‘al’ and ‘a2’ at 12.5m/s and 10m/s wind speeds.

Table 7.3 The third WECS PSCAD/EMTDC setup parameters

Dual three-phase PMSG Parameters
Rated power 5.2 MVA
Rated speed 180 rpm
Rated voltage 33kV
Direct-axis inductance 0.0055 H
Quadrature-axis inductance 0.0055 H
Mutual inductance coefficient 0.001 H
Number of poles 34
Permanent magnetic flux 14 Wb
Wind Turbine Parameters
Rated power 5.2 MW
Cut-in wind speed 4 m/s
Rated wind speed 12.5 m/s
Cut-out wind speed 25 m/s
Rotor diameter 108 m
Rotor area 9160 m’
Gearbox ratio 1:10
Converter Parameters
Genrator side C-filter 280 pF .(Y
connection)
DC side inductance 10 mH
Grid side C-filter 35 k(A
connection)
Phase-shifted transformer rated 52 MVA
power
Phase-shifted transformer rated 33KV
voltage
Switch Sr frequency 1.2kHz
Converter rated active power 5.5MW
Converter rated reactive power 3MVAr
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Figure 7.22 PSCAD/EMTD simulation waveforms of the third WECS proposed.
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LVRT

This section shows the performance of the third WECS under LVRT, using the
LVRT technique previously discussed. In this simulation the grid voltage drops to
10% of it rated value for 140ms. Figure 7.28 shows waveforms that summarize the
WECS overall performance. From Figure 7.28(a) the generator speed increases (9%)
during the grid fault, due to the imbalance between the generated power and the grid
delivered power, and when the grid recovers, the controller tracks the optimal speed

again. Figure 7.28(b) show the reactive current during LVRT. Figure 7.28(c) shows
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that the grid delivered power reduces to zero during the LVRT and smoothly
recovers when the fault clears. Figure 7.28(d) show the g-component of the grid
delivered current that increases to the rated value during LVRT, and decreases to

zero after the grid fault.
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Figure 7.24 Waveforms of the third proposed WECS during a LVRT condition.

7.4.3 Experimental results

In this section, the performance of the proposed WECS shown in Figure 7.21 is
experimentally evaluated, with different cases used to evaluate the dynamic
performance of the proposed control schemes. Figure 7.25(a) shows the dual three-
phase PMSG emulator, which consists of a three-phase synchronous generator
connected to a phase-shift transformer. Figure 7.25(b) shows the experimental test

rig rated at 2kVA. The experimental parameters are given in Table 7.4.

The WECS is tested at three different wind speeds each lasting 40 seconds: at initial
wind speeds of 6m/s, which undergoes a step increase to 8m/s and then a step
decrease to 7m/s. The sequence is repeated, thus enabling examination of the
dynamic performance and stability of the proposed system. According to (7.1) and
by multiplying by the gear box ratio, the optimal generator speeds at each wind speed
are 600rpm, 800rpm and 700rpm respectively. Figure 7.26 and Figure 7.28 shows
experimental results from the WECS converter in Figure 7.25. Figure 7.26(a) shows

the generator tracks the optimal speed and produces the corresponding active power
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is delivered to grid, at the different wind speeds. The proposal speed controller forces
the generator to run at the optimal speed with minimum transient and oscillation at
different wind speed condition. Also Figure 7.26(a) shows the change in the active
power delivered to the grid changes smoothly with minimum oscillation. Figure
7.26(b) shows that the proposed speed controlled loop ensures soft started up. Figure
7.27(a) and (b) shows a snapshot of the output current injected into grid and phase
‘a’ voltage at 8m/s wind speed. The proposed WECS supplies the grid with high
quality sinusoidal current, and the proposed reactive power controller adjusts the
reactive power to zero, giving near unity power factor. Figure 7.28(a) shows in detail
the dc-link inductor current I;, dual CSI input current I; and switch current /5. From
Figure 7.28(a) when the switch is on, the dc-link current rises the switch current I
and the dual CSI input current [; equals zero, while when the switch is off the dc-link
inductor current Iy falls to the dual CSI input current /;, and the switch current g is
zero. Figure 7.28(b) show the dual CSI output currents ‘i,;” and ‘ip;’°, where the dual
CSI converters the input current I; to ac current. Figure 7.28(c) shows the generator

side phase-shift transformer secondary currents and primary current at 8m/s.

Table 7.4 The third WECS experimental parameters

Wind Turbine Parameters
Power at rated wind speed 4.6kW
Cut-in wind speed 4m/s
Rated wind speed 12.5m/s
Rotor diameter 3.2m
Rotor area 8.04m’
Gearbox ratio 1:2.07

Dc¢ motor Parameters
Rated armature voltgae 460 V
Rated speed 1500 rpm
Rated current 16A
Field current 1.2A
Armature resistance 2.5Q
Torque constant K, 2.47
Synchronous machine parmeters

Rated speed 1500rpm
Rated voltage 400V
Rated current 10A
Rated frequency 50Hz
Number of poles 4
Field current 0.5A
Generator voltage constant Kg 2.5
Armature restance 1.2Q
Armature inductance 36 mH
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Generator side phase shift transformer parameters
Rated power 2kVA
Primary rated voltge 415V (A connection)
Two secondary winding rated voltage j(l)(s)x ESA{C:élrlllgggci)cI)lr)l)
Converter parameters
Genrator side Cfilter 150pF(Y connection)
dc-link inductance 12.5mH
Grid side C-filter 55 uF (Aconnection)
grid side phase shift transformer parameters
Rated power 2kVA
Primary winding rated voltge 415V(Y connection)
Two secondary winding rated voltage gggX?A{ CCSI?II::CCSSE))

Grid voltagg

Grid side
C-filter
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Figure 7.25 Third WECS experimental setup.
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Figure 7.26 Waveforms showing the overall performance of the third proposed WECS.
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7.5. Summary

Three different WECS configurations are discussed in this chapter, based on the
power electronics converters proposed in this thesis. The first WECS utilized a dual
three-phase CSR and CSI to operate at low switching frequency. The configuration
allows placing of the heavy equipment (grid-side transformer, CSI, and dc-link
inductance) at the bottom of the wind turbine tower, for ease of installation and
access. The second WECS utilized the three-phase BTB CSC proposed in Chapter
five: this configuration is simple and easy to control with a low implementation cost.
But the use of an uncontrolled diode rectifier limits the WECS rated power. The third
WECS is suitable for multi-megawatt application due to using the dual three-phase
BTB CSC proposed in Chapter five and MMF cancellation features which are

inherent in a multi-phase machine.

The simulation and experimental results of the three proposed WECS, show tracking
of wind turbine optimal speed with good dynamic performance, and stable ac grid

output voltage and current waveforms over a wide wind speed range.
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Chapter 8. General chapters summaries and future research

8.1. General chapters summaries

This thesis presents new breeds of back-to-back (BTB) current source converters
(CSCs) that may be applicable to variable-speed wind energy conversion system
(WECS). These BTB converters employ current source inverters (CSI), current
source rectifiers (CSR) and ac-dc buck-boost converters as interfacing converters.
Chapter two of this thesis reviewed the modulation strategies for the voltage and
current source converters, with illustrative simulations establishing the attributes and
limitations of both converter types. The major findings of this chapter are presented
as a comparison between the VSC and the CSC. The comparison showed that the
CSC is suited for high-power medium-voltage WECS due to its low switching
frequency per device, low dv/dt, and resilience to ac and dc short circuits. However,
the voltage source converter (VSC) has faster dynamic response and higher
efficiency. From wind energy prospective, fast dynamic response is irrelevant due to

the large mechanical time constant of the wind turbine-generator system.

Chapter three presented modelling analysis for the CSC in island and grid modes
(CSI and CSR), including a dual current source rectifier and inverter. All CSI and
CSR models were developed in the d-g synchronous reference frame to allow the use
of conventional proportional-integral controllers, thereby ensuring zero steady-state
error. The basic control objectives in this chapter are to allow the proposed CSC to
meet grid code requirements and to be competitive to VSCs by offering features such
as independent control of active and reactive powers; ac fault ride-through capability,
and a low total harmonic distortion (THD) at reduced switching frequency per

device.

Chapter four presented new single-stage, single-phase, three-phase and multi-phase
ac-dc  buck-boost converters, and discussed the operating principles and
mathematical relationships governing each. The results shown that these converters
have sinusoidal input current at nearly unity input power factor, and offer stable and

adjustable output dc voltage (in buck and boost modes). The practicality of the
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proposed ac-dc buck-boost converters is confirmed using simulations and

experimentation.

Chapter five presented modified three-phase and dual three-phase back-to-back
CSCs that offer several attractive features, such as soft start-up and shut-down
capability; sinusoidal input and output currents; high input power factor; and
controllable output reactive power; with zero switching losses at the inverter side.
Simulation and experimental results showed that the proposed BTB converters are

suitable for WECSs.

Chapter six reviewed and presented the mathematical model of a three-phase
synchronous generator and dual three-phase permanent magnet synchronous
generator model, in dg0 frame, where the phases of the two stator windings are
shifted by 30°. This chapter also reviewed the wind turbine model, and outlined the
wind turbine emulator that uses a PSoC microcontroller, programmable dc supply
and a separately-excited dc motor, to mimic the operation of a variable speed wind

turbine generator mechanical system.

Benefiting from the discussion in chapters three, four, five, and six, Chapter seven
presented three different WECS configurations. The first WECS utilized the BTB
dual current source converter arrangement presented in chapter, exploiting its low
switching frequency. The second and third WECSs are based on the modified three-
phase and dual three-phase BTB CSC proposed in chapter five. The second
configuration that uses an uncontrolled diode rectifier with a single controllable
switch, limits the rated power of the WECS to less than IMW. While the third
WECS configuration is suitable for multi-MW application; due to the magneto

motive force cancellation feature of the multi-phase machine.

Based on the above discussion it can be concluded that the research objectives given
in chapter one have been achieved. The simulation and experimental results shows
that the proposed WECSs’ satisfy most of the research motivation given in Chapter

one; such as:

o Operating at variable speed with maximum power tracking.
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o Transfer the power extracted from the wind turbine to the grid at fixed
voltage and frequency, with high quality sinusoidal grid current.

o Supply reactive power to the grid during low voltage ride through.

The simulation and experimental work did not cover the entire grid code requirement
like the frequency regulation support, and voltage regulation capability at the point of
common coupling. Also the proposed WECSs are tested at rated wind speed no blade
pitch angle (5=0) control considered. This important topic needs to be covered in

future work; as will be shown in recommendation for future research section.

8.2. Author’s contribution

The main contribution in this thesis is the three new current source based variable-
speed WECSs. They offer the inherent features of existing systems based on VSCs
such as: maximum power tracking; fault ride-through capability; provision of voltage
and frequency support to ac grid; and inject a sinusoidal current is into grid with low
harmonic content, but with increased reliability and improved ac side waveform
quality; and independent control of active and reactive power. Most of these
attributes have been validated using PSCAD/EMTDC simulations and substantiated
on scaled down experimental prototypes. This thesis presented a comprehensive
assessment of the steady-state and dynamic behaviour of the proposed WECSs,

considering different operating conditions.
The main contributions of this thesis are:

1) Chapter two presented:

o Online mapping technique that converts the gating signals of the
VSC to those suitable for a CSC, without the need for the hardware
based logic circuit mapping technique proposed by Espinoza.

o Offline SHE modulation that can eliminate the 11™ and 13"
harmonics using one pattern with continuous pulse angle changes
and with a fixed switching frequency. The proposed pattern
addresses the drawback of the conventional SHE implementation

that uses two patterns with two different switching frequencies.
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2) Chapter four presented:

o New single-stage, ac-dc buck-boost converter and its control
strategy. Its practicality is confirmed using simulations and
experimentation. The proposed converter injects high-quality
sinusoidal supply current, with near unity power factor over a wide
operating range.

o Three-phase, single-switch ac-dc buck-boost converter, where the
input capacitor operates under a continuous current mode with
reduced switching frequency, in order of 1.2 kHz, to suit medium-
voltage applications. Unlike the conventional CSC, the input
capacitor has continuous current (thus, decreased voltage stress per
device). Also the proposed ac side filter design ensures a high
power factor at rated power, and low input current THD.

o Dual three-phase ac-dc buck-boost converter, with a three-winding
phase-shifted transformer to achieve sinusoidal input currents, with
relatively small ac filters. The proposed dual buck-boost converter
has a better power factor profile, but its main drawback is that the
switching devices are exposed to high-voltage stresses. A modified
dual three-phase buck-boost configuration is proposed to partially
solve this problem.

o Three-phase cascaded buck-boost converters that employ three
single-phase converters, with their dc output terminals connected in
series to generate high voltage. By using this approach, voltage
stresses on the switching devices are reduced, and sinusoidal input
currents with nearly unity power factor is achieved over the entire
operating range, with small ac filters. The simulation and
experimentation show that discontinuous conduction operation
results in the lowest voltage stress per device, at the expense of
increased discontinuous current peaks.

3) Chapter five presented new (three-phase and dual three-phase) current

source based back-to-back converters, which have reduced circuit

239



complexity and simplified control, including a dedicated high frequency
synchronization method that ensures zero CSI switching losses.

4) Chapter seven presented three new current source converter based
variable-speed WECSs, including a method for low-voltage ride-through
that uses a power dissipation mechanism that consists of a switched
bleeding resistor in the dc input of the grid connected CSI. During normal
operation, switch bypasses the bleeding resistor. During a grid fault, the
proposal WECS dissipates some of the energy in the bleeding resistor and

temporarily stores the rest in the turbine-generator mechanical inertia.

8.3. Recommendation for future research

o Design new ac-dc buck-boost converter configurations that have the
advantage of both continuous conduction (low current stress on the switches)
and the discontinuous conducting mode (lower voltage stress on the
switches).

o Apply the proposed buck-boost converter and the modified current source
back-to-back converter to different power electronics applications, such as
uninterruptible power supplies.

o Investigate the viability of the WECSs under different grid conditions such as
unbalanced grid operation.

o Study the perforce of the WECS under high wind speed with blade pitch

angle (f+0) control consideration.
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Appendix A
Phase Lock Loop (PLL)

The phase angle and frequency information are used to transform the three-phase
voltage and current from the abc from to the dg frame, to detect the flow of
active/reactive power. The zero crossing point of the grid voltages is the easiest way
to obtain the phase information, but this method has slow dynamic performance since
zero crossings occur once at every half cycle. Other techniques are based on low-
pass filters (LPFs)[2-4], but using a LPF typically generates phase delay specially in
the case of a step change in the phase angle or in the frequency or in both. This delay
results in a sluggish response and causes any time-critical machine to malfunction.
The weighted least-squares estimation (WLSE) can provide phase angle and
frequency within a few sampling periods even when both the phase angle and

amplitude begin to change in step manner[5].

A.1 A.l1 Phase angle estimator
The single-phase grid voltage v is given by:

v, =V, cos(at + 0)

Vg = Vgq COSQL — Vg, SIN I

where V,,: 1s the peak supply voltage, 6: is the phase angle, vy;=V,cos@ and

Vsiq)=Vmsin0, at steady state 0, vy and vy, are constant.

Using weighted least square (WLS) method, the cost function is chosen such that [6]:

J[xe)]= D A4 (vep-Hep:.,,

Jj=0

where: y(t;)=vs(t), H(t;)=[ coswt-sinwt;], x(t;)=[Va(t;) Vq(t,-)]T, A 1s the forgotten
factor (0=<A<=1).

The least-squares method is used to get X(t;), to minimize the cost function is [5-8]:

X(t) = xX(t;) + k(t[)(J’(ti) —H(t)x({t; - 1))
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k() = Pt H(t)" (1+ H(t; ) Pt H ()T

P(t)) = 2"'P(t;_y) — 2K () H (t;) P(t;_y)

The initial conditions can be set as: X(0) = 0, P(0)=r,*** and mp> 0 is the initial

covariance constant.

From equation (A.4) the phase angle off-set  and the line voltage angle A(t) can

6 =tan"! (vs_qJ
Vsd

oty =t +6

calculated as follows:

The step change in the phase angle € or in the voltage amplitude, is recognize if the
error magnitude |y(¢;)— H(t)X (ti-1)| > ¢ (¢ is the heuristic guide line (20 ~ 40% of
V). Once recognized, the covariance P is reset to its initial value, this tends to
increase the gain k, which increases the tracking speed in the case of phase angle

jump.

The WLSE for phase angle estimator is tested according to the following sequence.
First the supply voltage waveform is shifted by -30° and then a step change of 80° is
applied to phase angle, and after half a second it is changed to -80°.

Figure A. 1 Simulation result of the proposed estimation scheme with A = 0.98.

(a) and (b) shows the simulation results of the WLSE phase angle estimator, where
the sampling frequency is 10kHz , my=300 and A=0.98. The WLSE has succeeds in
quickly tracking the phase angle change.

Figure A. 2 Experimental results of WLSE for phase angle estimator.

show experimental results of the grid phase ‘a’ and the line voltage angle 8(t), where

the presented WLSE tracks the grid voltage.
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Figure A. 1 Simulation result of the proposed estimation scheme with A = 0.98.
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Figure A. 2 Experimental results of WLSE for phase angle estimator.

A.2 Frequency estimator

WLSE for frequency estimator is simple, and with low requires resources for
implementation, because the estimated frequency is computed using the information
provided from the supply[9].The voltage signal is digitized at the measurement
location with a uniformly sampled at frequency w = 2m/4¢t. Three consecutive

samples of the signal (vy4),Vsir) and vsq) are connected with the following

equation[9, 10]:

Vs(i) " Vs(i-2) _

> = Vg(j—1) COS WAL

Ya) = Z2i)XG)
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Vs(i)~Vs(i-2)

here y;)= > JZ()=Vs(i-1) and X;=coswAt

Equation (A.10) is over determined, since the number of equations is much larger

than the number of variables, x; can be calculated using following formula [9, 10]:

k
2(i—k
Zﬂ & )Ziyi
i=0 — SumZY([)

i) T %
Z/lz(i_k)zz SumZZ(l)
(i)

i=0
SMmZ},(l) = ﬂzSumZY(i_l) +Z(i)y(i)
SumZZ(l) = /leumZZ(l-fl) + Z(zl)
0 <A< 1 is the forgetting factor, which is introduced to give more impact to newer
samples and weaken the impact of older data. Selecting the value of A depends on the
required estimator speed and the sensitivity to random noise, for A near to one the
accuracy is high but the frequency estimation speed is low vice versa [11]. it

assumed that A is constant value, The estimated frequency f.;; can calculated as

following:

_ cosfl(x(l-))
et 27\t

It can be noted that proposed WLSE for frequency estimation algorithm is very
simple and easy to emblements. The forgetting factor can adapted according to the
change in the signal frequency, to compromise between speed and accuracy. The

residual error can be calculated as
€=X0u) T 2i)X@)
The covariance error as follows [9, 10]:
_ 2 2
Rijy = Ai-nRiiny + Dy = 26y%) )

Forgetting factor can be calculated as follow:
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[SIE

where Ry is chosen value.

Figure A. 3 show the simulation results of the frequency estimator, where the supply

frequency step changed from 50Hz to 55Hz and R¢=0.001.

Figure A. 3 (a) show the simulation of the proposed WLSE for frequency estimation

with constant forgetting factor, it can be observed the proposed frequency estimator

succeed to accurately track the step change in the frequency in 0.025s, while

Figure A. 3 (b) show that using that the proposed adapted forgetting factor will

increase the frequency estimation speed (0.002s) without effecting the accuracy.
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Figure A. 3 Simulation result of the WLSE for frequency estimator.
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Appendix B
Test Rigs Basic Components

B.1 Controller

The purpose of the controller is to perform the control algorithm based on the
feedback signals (voltage, current and speed) and take action by turning on/off the
insulated gate bipolar transistors (IGBTs) in the proposed power -electronics
converters.

In this work two types of controller were used:
1. The Infineon 32-bit TriCore 1796B DSP is shown in Figure B. 1 .

Programmable system on chip (PSOC-5LP) is shown in
m &

2. Figure B. 2
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Figure B. 1 Infineon 32-bit TriCore 1796B DSP
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Figure B. 2 PSOC 5LP
B.2  IGBT gate drive

Figure B. 3 shows the used gate drive during this theses, the gate drive was used to
insulate and amplifies the controller signal and make it suitable for the IGBTs.

Figure B. 3 Gate drive
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Figure B. 4 Gate drive schematic

B.3  Voltage and current sensing circuit

Voltage and current measurements are required as feedback signals for the controller.
The voltage transducer used LEM-LV25-P was used in the voltage sensing circuit
which shown in Figure B.5(a). The voltage sensing schematic is given in Figure
B.5(b).The LEM LA 55-P current transducer was used to electronically measure the
ac and dc currents. The current sensing circuit and schematics are given in

Figure B. 6.
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(a) Voltage sensing circuit
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(b) Voltage sensing schematic
Figure B.5 Voltage sensing circuit and schematic

(a) Current sensing circuit
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(b) Current sensing schematic

Figure B. 6 Current sensing circuit and schematic

B.4  Motor generator set
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A separately excited dc motor was used as primary mover for the open winding
three-phase synchronous generator, this motor generator set was used with the help
of the micro-controller and the programmable dc power supply to build the wind
turbine emulator. The motor generator set photo is given in Figure B. 7, and
parameters are given in Table B.1.

Figure B. 7 Motor generator set

Table B.1 Motor generator set parameter

DC motor parameter
Power rating 7.2kW
Speed 2500rpm
Armature voltage 460V
Armature current 18.5A
Field voltage 360V
Field current 1.9A
Synchronous generator parameter
Rating 6.9kVA
Speed 1500rpm
Phase Voltage 400V
Phase current 10A
Power factor 0.8
Excitation voltage 140V
Excitation current 2.5A

B.5 Transformers

Two transformers are used during this research, first: three-phase shown Figure B.
8(a) its rated power 8kVA and phase voltage 460/230V. The second transformer is
2kVA phase shift transformer shown Figure B. 8(b) its, where it primary winding is
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star connected (rate line voltage =415V), secondary and tertiary windings delta and
star connected respectively (rated voltage=205V).

e

A
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(b)?)hése—ft transformer
Figure B. 8 transformer used
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The steady-state and dynamic performances of a new high-power variable speed
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Abstract —
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conventional voltage and current source converters in an attempt to meet different
design and reliability constraints. This paper proposes a new back-to-back current
source converter that avoids the problem of excessive voltage stresses on the
switching devices associated with the traditional current source converter. Its main
features are reduced power circuit and control complexity, and sinusoidal ac currents
with high power factor achieved at both ac sides at reduced switching frequency.
Basic relationships that govern steady-state converter operation are established, and
filter design is included. PSCAD/EMTDC simulations and experimentation are used
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Abstract —

The back-to-back (BTB) converter is used in power conversion applications such as
machine drives, wind energy conversion systems (WECS), uninterruptible power
supplies and high-voltage, direct current transmission systems. Various topologies
have evolved around voltage source converters and current source converters (CSCs)
in an attempt to meet various design and reliability constraints. This paper proposes a
new CSC-based BTB converter suitable for WECS application. The proposed
configuration addresses the main drawbacks of the conventional BTB CSCs, such as
the over-voltage frequently experienced by switches during commutation. The
inverter side converter has zero switching losses. The proposed WECS offers the
following advantages: simple and easy control reduced switching frequency and
maximum power point tracking with controllable grid active and reactive power. A
low-voltage ride-through (LVRT) solution is also provided in the proposed WECS.
PSCAD/EMTDC simulation is used to assess the steady-state and dynamic
behaviours of the proposed system under different operating conditions and during
LVRT. Experimental results allow steady-state and dynamic behaviour assessment of
the proposed system under different operating conditions.
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Abstract —

A single-switch, single-stage, three-phase ac—dc buck—boost converter suitable for
medium-voltage applications is proposed. Basic relations that govern steady-state
converter operation are established, confirmed using PSCAD/EMTDC simulations,
and substantiated experimentally. Simulation and experimental results establish that
the proposed converter has good dynamic performance in buck and boost modes,
with near unity input power factor.

[6] G. Adam, 1. A. Abdelsalam, K. H. Ahmed, and B. W. Williams, "Hybrid
Multilevel Converter With Cascaded H-bridge Cells for HVDC Applications:
Operating Principle and Scalability," IEEE TRANSACTIONS ON POWER
ELECTRONICS, vol. 30, pp. 65-77, 2015.

Abstract —

Hybrid multilevel converters are contemplated in an attempt to optimize the
performance of voltage source converters in terms of magnitude of semiconductor
losses and converter footprint, and to achieve additional features such as dc short
circuit proof, which is essential for a high integrity multi-terminal HVDC grid.
Therefore, this paper considers an emerging hybrid cascaded converter that offers the
dc side short circuit proof feature at reduced loss and footprint compared to the
existing multilevel and other hybrid converters. Its operating principle, modulation
and capacitor voltage balancing strategies are described in detail. Furthermore,
hybrid converter scalability to high voltage applications is investigated. The validity
of the modulation and capacitor voltage strategy presented are confirmed using
simulation and experimentation. The hybrid cascaded converter is extendable to a
large number of cells, making it applicable to high voltage applications, and
operation is independent of modulation index and power factor. On these ground, the
converter is expected to be applicable for both real and reactive power applications.

[7]G. Adam, 1. Abdelsalam, S. Finney, D. Holliday, B. Williams, and J. Fletcher,
"Comparison of two advanced modulation strategies for a hybrid cascaded
converter," in ECCE Asia Downunder (ECCE Asia), 2013 IEEE, 2013, pp. 1334-
1340.

Abstract —

This paper summarises an investigation into two modulation strategies that enable a
hybrid cascaded multilevel converter to reduce on-state losses and extend the
modulation index linear range independent of load power factor, and without
capacitor voltage balancing problems. The first modulation strategy exploits
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unconventional triplen harmonics in combination with a hybrid modulation strategy
to optimally reduce the number H-bridge cells required to minimize semiconductor
losses, and improve capacitor voltage balancing of the H-bridge cells. The second
modulation strategy is based on level-shifted multilevel carriers and exploits 3rd
harmonic subtraction to modify the modulating signals in order to extend the regions
around zero voltage crossing where cell capacitor voltage balancing can be achieved,
with a minimum number of cells. It is shown that both modulation strategies
overcome the traditional limitations of hybrid cascaded converter such as
dependency of the capacitor voltage balancing on modulation index and load power
factor. Also they extend the modulation linear range virtually up to 1.27 in real
power applications. Simulation and experimental results at several operating points
are used to substantiate the strategies presented in this paper.
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