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ANNOTATION

This doctoral thesis is dedicated to investigation of impedance source DC/DC
converter with HF isolation implementation in interface converter for permanent magnet
synchronous generator based variable speed wind turbine. The three new topologies of
interface converter are proposed for PMSG based VSWT applications. The operation modes
of the converters are investigated by means of computer simulations and results have been
experimentally verified. The analytical evaluation of losses in active components of power
circuit is made to compare feasibility of three circuits for small and micro wind turbine
applications. The Laboratory prototype of qZS based DC/DC converter with HF isolation and
controlled rectifier has been built and tested.

The first chapter of the thesis is devoted to general overview of wind energy
conversion technologies. Wind theory is given and wind velocity distribution is analysed to
state the requirements for interfacing converter. Already known wind turbine systems are
analysed to select the most suitable one for improvement and investigation. The converter
topology with HF isolation transformer was selected for small and micro VSWT applications
due to grate flexibility and offered galvanic isolation. The need for improved converter for
VSWT applications is stated and main requirements is defined based on PMSG based VSWT
characteristics.

The second chapter is devoted to qZS based interface converter investigation and
development. The new topologies based on qZS DC/DC converters with HF isolation are
offered. These topologies are investigated by means of computer simulation in PSIM software
and are verified experimentally.

The third chapter is devoted to new topology of qZS based DC/DC converter with
improved voltage boost properties. The potential applications are stated and analysed.

Thesis is written in English, contains: 108 pages, introduction, three chapters,

conclusions, 88 figures, 74 formulas, 12 tables, 100 references and 2 appendixes.



ANOTACIJA

Sis doktora darbs ir veltits elektroenergijas sadales tikla un mainiga atruma véja
generatora ar pastavigo magnéta sinhrono masinu salagojosa parveidotaja ar pretestibas avota
DC/DC parveidotaju un augstfrekvences izolaciju izpé€tei un izstradei. Darba tiek piedavati
tris jauni speka shému varianti mainiga atruma véja generatoriem. Darba ar datormodel&Sanas
palidzibu tiek pétiti parveidotaju darba reZimi un model&Sanas rezultati tiek salidzinati ar
eksperimentalajiem. Jaudas zudumu analitisks novertgjums pusvaditaju elementos tiek
paradits, lai novertétu piedavato shemu piemérotibu mikro un mazas jaudas v€ja iekartam.
Pretestibas avota lidzstravas parveidotaja laboratorijas prototips tika izstradats un parbaudits.

Pirmaja nodala tiek apskatitas vEja energijas izmanto$anas pan€mieni. Vgja teorija
pamati un v€&ja sadalfjums tiek analiz€ts, lai noteiktu prasibas salagojos$ajam parveidotajam.
Jau zinamas parveidotaju spéka shémas tiek apskatitas, lai izv€l€tos vispiemérotako
pilnveidoSanai. Parveidotaja spéka shéma ar augstfrekvences izolaciju tika izveleta tas
elastigo konfiguréSanas iesp&ju un galvaniskas izolacijas dé|. Apskatot esoSos parveidotajus
tika paradita nepiecieSamiba mekl&t jaunus shemotehniskos risinajumus un nobeiguma tika
definéti parveidotaja tehniskie parametri, atbilsto$i laboratorija picejamajam generatoram.

Otraja nodala ir veltita salagojoSajiem parveidotajiem ar pretestibas avota DC/DC
parveidotaju. Tiek piedavati jauni speéka shému varianti. Tiek dots piedavato speka shému
matematiskais apraksts un veikta to modeléSana PSIM vidg, bet rezultati tiek eksperimentali
apstiprinati.

TreSaja nodala tiek piedavats jauna spéka shéma pretestibas avota DC/DC
parveidotajam ar komutgjamam droselém. Potencialas pielietojumu jomas tiek apskatitas un
analizgtas.

Darbs ir rakstits anglu valoda uz 108 lapaspusém, sastav no ievada, tris nodalam un
secingjumiem, ka ar1 taja ir 88 attéli, 74 formulas, 12 tabulas, 100 literatiras avoti un 2

pielikumi.
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INTRODUCTION

Continuous growth of the earth population and improving standards of living are the
main driving forces for the continuous growth of the energy demand. Although the energy use
per unit of gross domestic product (GDP) is declining in most countries, the GDP increase is
faster than efficiency growth, causing to use more and more recourses for energy production.
It is forecasted that this trend will continue in the upcoming decades (Fig. 0.1) [11]. Limited
availability of fossil energy resources, such us coal, natural gas, oil and nuclear, urge to make
use of renewable sources for electric energy generation. Moreover, the use of fossil fuels are
connected with greenhouse gas emissions and in case of the nuclear energy, there is a high
potential of radiation product leakage that can cause irreversible damage to environment, but
used fuel and old utility disposal is connect with high expenses after the closure of nuclear
power stations. Environmental aspects and expenses are additional driving forces for

technology development of alternative energy usage.
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Fig. 0.1. Energy consumption by sources types
The cost of electrical energy from alternative energy sources is major concern that
prohibits wider its utilization. This is particularly true for micro and small wind turbine
applications due to the low typical installation height and as a result lower average wind

speeds that leads to lower produced energy. Since there is no possibility to affect average
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wind speeds, the only way how to increase the energy output of wind turbine systems (WTS)
is to improve the efficiency of all its components. This dissertation is devoted to new power
electronics converter development for micro and small wind turbines.

Wind energy is quite an attractive form of renewable energy especially at high
latitudes where feasibility to apply direct solar energy conversion technologies is limited. The
commercial potential of wind energy [72 TW] is five times higher than world energy demand
in all forms [15]. However, the installed capacity in 2009 was only 159GW and there are the
huge potential of grow [54].

The humankind utilizes windmills more than 2000 years. Mainly they were used in
water pumping and grain milling applications. The Dutch windmills of different kinds get
popularity in the 17" and 18" century in Europe, but the concept of Western mills in the 19™
century in the USA. The construction of wind mills that can be seen our days were developed
in the 1920s, but commercial interest for wind mills as renewable energy source arise only in
the end of last century [35]. Wind mills mainly are utilized for electricity generation
nowadays. The installed power starts from few hundred Watts and reach 6 MW for
commercially available turbines. 10 MW turbines are in pilot stage for offshore applications.
There can be find different classifications of turbines by power and their size in literature and
standards [42], but to eliminate misunderstandings the classification given in (Table 0.1) will

be used in this thesis.

Table 0.1
The general classification of wind turbines
Scale Power rating Rotor diameter
Micro 50 W-35kW <4m
Small 3.5kW -50kW 4m-16m
Medium 50kW-1MW 16 m—46 m
Large >1 MW >46 m

Mechanical energy of wind turbines are converted in electrical energy with help of
appropriate generators. Permanent magnet synchronous generators (PMSG) predominate in
small turbines and become popular in large power range (Fig. 0.2) due to multipole design
that eliminates the need for gearbox [43]. Fig. 0.2. demonstrates the results of commercially
available [30] WTS analysis by generator types depending on turbine size. Use of PMSG in
WTS is modern trend and thanks to high efficiency [32] they will keep this status in future.
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Fig. 0.2. Distribution of generators by type depending on turbine size

Although the energy yield is higher for large inland and off-shore installations, the
issue of transmission and distribution losses still is of major concern. Distributed generation
and smart grid technologies (Fig. 0.3) are introduced to reduce transmission losses by
bringing closer energy generation and utilization and reducing load variations over time. The
charging control of the electric vehicles can be the main load balancing feature, and can serve
as energy buffer for unpredictable wind energy generation. The rapid popularity increase of
electric and plug in hybrid cars will eliminate additional expenses for electric energy storage
devices from wind in near future, but utility grid can absorb energy excess during strong wind

periods.
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Fig. 0.3. Overview of smart grid structure
DC link utilisation for connection of generating and consuming units is beneficial in
smart grids applications [31], but due to slow technology implementation in real consumer

applications the AC based smart grid systems will be used in transition stage [86].



Micro-generation is a part of smart grid and distributed generation philosophy serving
as a power source. It can be connected to distribution network nowadays or to AC based smart
grid in near future. Micro generator includes all interface units and operates in parallel with
the distribution network. Current rating of such devices is limited up to 16 A per phase [7].
Some energy sources can be connected directly to the distribution network, but in the case of
DC power sources or PMSG based variable speed wind turbine (VSWT) systems it is
necessary to use a power converter that interfaces the source and the AC grid.

VSWT based micro generators consist of a wind turbine, a generator and an interface
converter (Fig. 0.4). Wind turbines capture wind energy and convert it to rotational
mechanical energy. The generator converts mechanical energy into electricity, but the
interfacing converter rectifies the input AC with variable voltage and frequency, adjusts
voltage levels and inverts DC voltage into AC with grid voltage and frequency. The main
objective of this dissertation is to develop a power part of an interface converter for PMSG
based VSWT with power level up to 11kW that can be used as micro generator after control

and user interface development.

/ Interface converter \

~_ ==
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Fig. 0.4. General block diagram of WTS
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1. CHALLENGES OF PMSG BASED WIND TURBINE

This chapter is devoted to definition of requirements and operation modes of converter
for micro and small wind turbines in context of micro-generator and already developed
converter analysis. The development of well suited converter for wind applications requires
understanding of wind turbine generator system (WTGS) characteristics. Wind properties
directly affect WTGS characteristics and for this reasons wind theory and wind regime is
discussed in section 1.1. Since micro-generator can be connected to low voltage distribution
or residential network, the main requirements and grid parameters are stated in section 1.3,
but PMSG based WSVT characteristics are described in 1.3. The description and analysis of

traditional grid tied converter topologies are given in section 1.5.

1.1. Wind energy conversion

Understanding of wind energy conversion principles and wind distribution is the basic
for optimal converter development and its optimization. For this reasons wind energy

conversion principles are described in this section.
1.1.1. Wind power conversion

Wind is a kind of air flow and, since this air has its own mass and speed, the wind
contains some kinetic energy, which can be extracted. This energy is usually captured by an
electromechanical generator which consists of wind turbine, some electrical generator and
power electronic converter. Wind turbine transfers the energy from the air flow to the
generator, where electrical energy is generated, but converter provides control of generator
and turbine. The power contained in the wind passing a certain area with velocity is described

by formula:

where A4 - swept area (mz);
p - air density (kg/m3);
v - wind velocity (m/s).
The air density depends on air pressure and moisture, but for practical calculations its

value may be assumed as 1.2 kg/m’. Only a part of the total wind power can be captured. The

11
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amount of useful power in wind is described by power coefficient Cp and introducing it in (1)

the amount of mechanical power captured by the turbine could be calculated:
1 3
Pturbine = ECPPAV > (2)

where C, - power coefficient of wind turbine.

The theoretic maximum value of power coefficient is 0.59 and it is called the Betz
limit, but the maximum values lies between 0.4 and 0.5 for industrial wind turbines. Power
coefficient is a function of the tip speed ratio (TSR) A which is another important parameter

for wind turbines. An example of power coefficient as function of TSR is shown in Fig. 1.1.

0,4

o
[#%]
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o
[

0,1
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Tip-speedratio, A

Fig. 1.1. Power coefficient C, versus tip-speed ratio

The TSR shows the relation between circumferential velocity of the blade tips and the

wind velocity:
2’ ==, (3)

where » - radius of the wind turbine rotor (m);
v, - velocity of the blade tip (m/s);

@ - angular rotor speed (rad/s).

As can be seen from Fig. 1.1, the power coefficient changes from zero to its maximum
value and then back to zero with TSR change. It means that power coefficient have its
maximum at certain TSR value A,p. Optimum value of TSR depends on turbine aerodynamics
and type, for example: Aox=5...8 for three blade horizontal axis turbines and 4 to 7 for vertical

axis designs [35]. Since the optimum value of TRS is constant for certain turbine, then
12



rotation speed of turbine should follow wind speed to obtain maximum mechanical efficiency.
This aspect directly leads to variable speed operation of wind turbine to get maximum energy
from wind. Wind mills with variable speed operation mode are named - variable speed wind
turbines (VSWT).

Nominal rotation speed of turbines is affected by their size. Bigger turbines have
longer blades and lower rotation speed to obtain optimum TSR. Rated rotation speed of small
turbines with rotor diameter less than 2 meters is 500 rpm, usually, but big ones with 126 m
rotor only 12.6 rpm. It shows that wind mills are slow running machines and multipole
generators are required to eliminate the gear box [47, 94]. The PMSG are often utilized in

such applications (Fig. 0.2).
1.1.2. Wind velocity distribution

The wind velocity determines the rotational speed of the VSWT and the generator.
Since it has direct impact on power converter operation modes, an example of wind velocity
distribution at 10 meter height is shown in Fig. 1.2, but the corresponding energy yield in Fig.
1.3. An average velocity is 5.4 m/s for these distributions. These distributions are obtained in

the analysis of Pavilosta weather forecast data for the year 2009.
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If only annual average value of wind velocity is available, then wind velocity

distribution can be approximated by Reyleigh-distribution [35]:

t, = ;ﬂg-exp(—%gz) , where ¢ = L, 4)

ayv vav

where ¢. - relative time;
Av - velocity step (m/s);
vay- average wind velocity (m/s).

The Rayleigh distribution is the isolated case of the Weibull function with shape
parameter equal to 2. The advantage of the Rayleigh distribution is that it only depends on the
mean wind speed. Reyleight-distribution with v,,=5.4 are shown in Fig. 1.4. Wind velocity
distribution approximated by Weibull-function. It can be seen that wind velocity distribution
are quiet similar with statistical one in Fig. 1.2. and can be used for converter optimization

purposes if more accurate data is not available.

8 -

Time (%)

Wind velocity (m/s)

Fig. 1.4. Wind velocity distribution approximated by Weibull-function
Such average wind speeds are characteristic of Baltic coastal regions and so can be
used as reference for interface converter design. Fig. 1.5 illustrates the average wind speeds in
Baltic countries at 50 m height [11]. These values are more useful for commercial
applications due to similar height of mast. Since the masts of small turbines are shorter —
around 20 m, the average wind speeds are significantly lower. The average wind speed v; at

height z, can be calculated from a reference speed v, at z;

In(z,/zp)

v(zp) =W ln(zl/zo) 5

(5)
where z) - roughness length dependent on country (0.03 m— farmland; 0.1 m—
trees; 0.5 — 1.6 m — forests) [35].
14



Fig. 1.5. Average annual wind speed in Baltic countries at 50 m height above terrain
Fig. 1.6. illustrates an example of the average wind speed change above the terrain.
The reference speed is 5.4 m/s at 10 m height in this example. As one can see the average
wind speed changes significantly with height and higher mast expenses should be evaluated

before the turbine installation.
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Fig. 1.6. Wind speed change above ground

1.2. WTS power configurations

The wind turbine system consists of two basic parts: a mechanical and an electrical
one (Fig. 1.7.). Mechanical part of WTS extracts the energy from wind and makes the kinetic
energy of air flow available to the generator shaft. The electrical part converts the electric
energy from generator making it suitable for electric grid. The electric generator transforms
the mechanical energy into electrical one and acts as the connection point of both parts of
WTS [71].
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Fig. 1.7. Power conversion in wind turbine system

From WTS description one can see that there are three distinct stages that can be
optimized for maximum wind energy extraction: mechanical, electromechanical and
electrical. The mechanical stage may regulate the pitch angle of the blades, the yaw of the
turbine shaft and the speed of generator shaft. The electromechanical stage can have different
structures: different types of generators (synchronous, asynchronous and custom constructions
[56]) with variable structure (pole pairs, excitation types) and some power converter for
control of generator excitation. An electrical stage can have power electronics converter that
adapts the grid and the generator voltages and controls the active and reactive power flows
[10].

The power conversion structures of WTS discussed in literature [16], [34], [13], [100]
and used in commercial applications [30] are illustrated in Fig. 1.8. The possible converter

structure for the PMSG based small WTS are shown with colour boxes (Fig. 1.8.) [7], [9].
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Fig. 1.8. Power conversion structures for variable-speed wind turbine system



1.2.1. Interface converter topologies for PMSG based VSWT

There are several topologies of interface converters for PMSG based VSWT studied in
literature. They can be divided in topologies without isolation and ones with galvanic
isolation by means of HF transformer utilisation. The general description of interface
converters is given in this chapter.

One of the simplest transformerless interface converter topologies consists of
uncontrolled rectifier and grid side converter (Fig. 1.9.). This topology is the cheapest solution
due to low number of controlled switches and simple control system which is necessary only
for the grid side inverter. The main disadvantage of this solution is the absence of DC link
voltage regulation possibility that leads to lack of extracted power at low speeds [44].
Additionally, this topology does not offer any generator power and speed control possibilities

that exclude MPPT functionality. All these disadvantages make this topology unsuitable for

s 1 2§ Jggg--

Diode PWM
rectifier inverter

VSWT applications.

Fig. 1.9. Interface converter with a diode rectifier
The topology with an additional boost converter (Fig. 1.10.) was introduced to
improve the generator power control capability by keeping the power circuit of the converter
at a simple level [24]. This topology offers a possibility to extract power at low wind speeds
and thus significantly expand the operation range of the PMSG based VSWT system. These
improvements are significant, but due to the limited PFC capability and lower efficiency than
with a controlled rectifier, it is not feasible to use this topology with a boost converter in high

efficiency applications [44].

HE e

Diode Boost PWM
rectifier converter inverter

Fig. 1.10. Interface converter with an additional boost converter
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The back-to-back converter (Fig. 1.11.) has high control flexibility of a generator
torque and current [100]. Implementation of the controlled rectifier allows the generator to

operate with the unity power factor and easily implement MPPT functionality.

SimIO

PWM PWM
rectifier inverter

Fig. 1.11. Traditional back-to-back interface converter
The energy storage devices like batteries (Fig. 1.12.) can be added to the intermediate
DC link of the back-to-back converter to improve the low voltage ride-through (LVRT)
capability. The LVRT capability becomes more and more important in the context of grid
code requirements [54]. The main disadvantage of the classical back-to-back converter is only
two voltage regulation freedoms of the generator and grid side converters. The generator side
converter can boost the generator voltage to obtain the necessary level of the DC link voltage,

but the inverter can only reduce it.

[CiamIizC

PWM PWM
rectifier inverter

Battery

Fig. 1.12. Back-to-back interface converter with auxiliary battery for energy storage

Since the VSWT operates at low rotation speeds more than half a time [7] and the
output voltage of the generator is significantly lower than the nominal at this mode, the boost
properties of the interface converter become an issue. This is especially topical at micro
power level, where the nominal generator voltage is lower than the grid voltage.

Implementation of Z-source inverters (ZSI) has become popular in recent years in
applications where additional voltage boost is necessary [17]. The ZSI topology features the
PWM inverter coupled with a symmetrical lattice network consisting of two inductors and
two capacitors connected in X-shape (Fig. 1.13.). The ZSI has inherent voltage boost and
buck capability using the shoot-through switching states in each phase leg of the PWM
inverter. This enables the wind generation system to achieve the demanded variable-speed
operation.
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Fig. 1.13. Z-source network based back-to-back interface converter
Converters with HF isolation (Fig. 1.14.) represent the interface converter group
mainly addressed for WTS connected to the residential power grids or systems connected to
DC bus. (smart grid applications, for example). Interfacing converters with HF isolation are

the main topic of this research.

SHEpAEEO

Diode DC/DC converter PWM
rectifier with HF isolation inverter

Fig. 1.14. Interface converter with a HF isolation

1.3. Residential network

Small wind turbine systems are usually utilised at rural and residential houses and are
connected to residential power network. These networks are low voltage part of distribution
network (Fig. 1.15.). Residential power networks utilize 400 V line to line voltage or 230 V
phase to neutral voltage. These voltages can vary depending on load conditions and distance
from substation. Voltage tolerances for the residential networks are defined by the standard
EN 50610. The general requirements from EN 50160 are summarised in Table 1.1 [67], but
harmonic content allowed in Table 1.2. The interface converter should be able to transfer the
power from wind turbine to grid at all power network operation conditions predefined by the
standard requirements. It means that output voltage of converter should be higher than

nominal at least by 15% or reach the 265 V value for one phase system [55].
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Fig. 1.15. The structure of utility grid

Table 1.1

General voltage characteristics of LV public distribution system

Supply voltage characteristics

No Parameter Description according to EN 50160
1 | Power frequency | Mean value of fundamental | +1% (49.5-50.5 Hz) for 99.5% week
measured over 10s - 6% / +4% (47-52 Hz) for 100%
week
2 | Voltage magnitude | Mean value of fundamental
variations RMS value over 10 | £10% for 95% of week
minutes
3 | Rapid voltage Normal: 5%
changes Infrequently: 10%




Table 1.2

Values of individual harmonic voltages at the supply terminals in percent of U,

Odifharmonics Even harmonics
Not multiples of 3 Multiples of 3
Order h Relative voltage Order h | Relative voltage | Order h | Relative voltage
(%) (%) (%)
5 6 3 5 2 2
7 5 9 1.5 4 1
11 3.5 15 0.5 6...24 0.5
13 3 21 0.5
17 2
19 1.5
23 1.5
25 1.5

1.4. PMSG based WSVT characteristics

Utilization of PMSG in VSWT applications becomes more and more popular during
last decades [4] especially at micro and small power WTS. The popularity of the PMSG usage
is determined by three features: high efficiency, possibility of multipole design
implementation and maintenance free operation. High efficiency is obtained by utilization of
permanent magnets that eliminates excitation loses in the generator. The utilization of
multipole PMSG offers slow speed operation and the possibility of gearless WTS
construction. The operation of PMSG does not require frequent maintenance since there are
no brushes. Only bearing is the thing which can wear out. Despite the many advantages of
PMSG there are some major drawbacks.

The main drawback of PMSG is the dependence of its output voltage on the rotation
speed. The difference between the minimum and the maximum voltage can reach four times
in VSWT applications [70]. This drawback can be easily overcome with the help of an
appropriate interfacing converter. Another drawback is high weight and price of multipole
PMSG that leads to utilisation of fast running machines together with gearbox for large scale
turbines [28]. The 8 pole PMSG generator with 1.2 kW power was used as power source in
this research. The main parameters of the generator are collected in
. The generator was driven by asynchronous motor with belt transmission (Fig. 1.16.). The
motor speed was controlled by ABB frequency converter to imitate the wind turbine speed

change and obtain all operation modes of VSWT.

21



Table 1.3

Parameters of PMSG
Nominal power 1160 W
Nominal current 5A
Nominal voltage 134V
Nominal speed 375 rmp
Phase resistance 1.2Q
Phase inductance 5 mH
Number of pole pairs 8

Fig. 1.16. Experimental stand for PMSG tests

VSWTs have three distinct operation modes: silent mode, variable speed operation
mode and constant speed mode. A turbine is silent in two cases: wind speed is below a cut-in
level or above the cut-off speed. If the speed is below its cut-in level it produces insufficient
torque to move the turbine. At the same time winds above the cut-off level may damage the
turbine that must be stopped at such conditions. A turbine usually starts to operate at 3.5 m/s
and it should be stopped at the wind speed above 25 m/s [35]. Turbines operate at variable
speed in the wind velocity range from cut-in to rated wind speed. Rated wind speed differs by
turbine types, but often has the value of 12 meters per second. The turbine has rated output
power at rated wind speed. Constant speed mode takes place above the rated wind speed. The
output power of turbine remains constant at this mode. Fig. 1.17. illustrates the maximal
power curve of the example wind turbine with rotor diameter of two meters that match to our
PMSG.
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Fig. 1.17. Output power of PMSG based VSWT

The turbine power dependence on its rotation speed at fixed wind speeds is illustrated

in Fig. 1.18. One can see that the maximal power can be captured from wind turbines only if

they are of a variable speed type. It means that generator’s speed is four times lower at the

cut-in wind velocity than at the rated conditions to capture maximal power at all usable wind

velocity range. Since the turbine power depends on the generator rotation speed and wind

speed ratio the maximum power point tracing algorithms should be used for interface

converter control [16].
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Fig. 1.18. VSWT power vs. rotation speed of turbine at different wind velocities

The rotation speed dependence on wind velocity of the generator and its voltage

characteristics is illustrated in Fig. 1.19. It clearly demonstrates the wide range of generators

output voltage and wind turbine operation modes.
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Fig. 1.19. Generator speed and voltage vs. wind speed

The generator operation modes (Table 1.4) were defined depending on its rotation
speed and turbines captured energy. The rated speed corresponds to wind speed with
maximum captured energy (Fig. 1.3.) and are close to nominal speed of generator. Generator
will operate at slow speed mode 46 % of time, but captures only 22 % of total energy. Only
17 % of time the generator will operated at rated speed mode and will capture 27 % of energy,
but 51 % of energy can be captured at high speed mode spending only 12 % of time. Such
energy and corresponding time distribution indicates that energy produced by wind turbine
can be fully utilized together with utility power supply. This is the reason for popularity of
grid connected or grid-tied systems and the main reason for research in this field. Such
distribution of wind energy illustrates another feature of wind power utilization that should be
considered in interface converter design: converter operates at partial loads for long. It means
that converter efficiency should be high at wide power range to improve the base load energy
demand satisfaction. There are no any other opportunities for wind energy since its

unpredictable nature.

Table 1.4
Generator operation modes
No speed Slow speed Rated speed | High speed
Wind velocity range 0—-3m/s 35-65m/s | 7-8.5m/s 9—-25m/s
Operation time at this mode | 25 % 46% 17% 12%
Captured energy at this 0% 2% 279 51%
mode
Power range at this mode 0% 3-16% 16 -35% 35-100 %
Generator speed 0 147 - 2731273 — 357|357 - 510
rpm rpm rpm
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1.5. Topology analysis of interface converters for WSVT

There are a lot of interface converter topologies without galvanic isolation studied in

literature, but only few researches are devoted to topologies with high frequency isolation for

micro and small wind applications [16,32,34]. In [16] the authors have proposed a buck type
isolated DC/DC converter (Fig. 1.20).

D,)S D;JS Ds

UTr. prim

Fig. 1.20. Buck type isolated DC/DC converter

Variable generator voltage is rectified with a three-phase diode bridge firstly into

proportional DC voltage. Stabilization of the second DC link voltage is obtained with the

buck type isolated DC/DC converter by means of duty cycle variation. The main drawback of

buck type converter utilization in wind applications is high currents in the transformer’s

primary winding and HF inverter switching devices at rated wind speeds. Moreover such

topology does not offer possibility to use low voltage transistors: they should withstand the

maximal voltage of the first DC link voltage U¢; (Fig. 1.21.). Fig. 1.21. illustrates the

simulation results of buck type
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Fig. 1.21. The main current and voltage waveforms of buck type isolated DC/DC interface

converter at 1250W load
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interface converter at 1250W load. One can see that inductor current /;; is enormous for
1.3kW converter and will lead to high power losses is HF inverter switches, inductor and
transformer primary windings. On the other hand there will be high switching losses at cut-in
conditions due to high power transistor utilization in HF inverter. The inductor current /;;, HF
inverter output voltage U; and transformer primary voltage Uy, ,.m and both DC link voltage
Uci, Uc; waveforms of buck type interface converter at 40W load are demonstrated in Fig.
1.22. Previously mentioned disadvantages make this topology unattractive for wind

applications.
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Fig. 1.22. The main current and voltage waveforms of buck type isolated DC/DC interface
converter at 40W load
In [34] the authors have proposed a one-phase soft-switched dual LCL DC/AC
converter (Fig. 1.23). This converter utilizes a controlled rectifier for generator voltage

rectification and DC link voltage stabilization. The generator side DC link is connected with

T;
]
T; T; 5 D, D; Low-pass )
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Fig. 1.23. A HF isolated dual-bridge LCL resonant converter
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two HF LCL resonant inverters connected in parallel. The secondary side of HF transformers
are connected in series for better voltage regulation capabilities. The output voltage of series
connected HF transformers is rectified into DC voltage with diode bride. This rectified
voltage (HF transformer output voltage too) contains ripple with grid frequency. In such way
it is possible to reduce the switching frequency of grid side inverter. This pulsating voltage is
filtered by low pass LCL filter to remove the high frequency component and after is inverted
with line connected inverter (LCI) The switches of LCI is commutated when line voltage
cross the zero point. High switching frequency of the HF inverter (100 kHz) helps to reduce
the low pass LCL filter size, but low switching frequency of LCI eliminates the switching loss
in this converter part.

The main disadvantage of dual-bridge LCL resonant converter is big amount of
controlled switches (Table 1.5) that needs driver circuits and appropriate control unit. Another
disadvantage is reported efficiency of proposed converter prototype: only 90 % at 500 W
(nominal load) and 83 % at 250 W load [85]. Reduced efficiency at partial load will
significantly reduce the total energy transmitted to the grid that can be the worst case for wind
turbine applications.

Analysis of two topologies with HF isolation studied in literature for VSWT
applications shows the significant disadvantages in terms of efficiency issues and complexity.
Buck type isolated interface converter has relative simple circuit, but high current stress on
semiconductor devices in HF inverter and primary winding of transformer can lead to big
converter size and high price. Dual bride LCL resonant converter offer soft switching
approach at HF isolation and LCI stages, but still has high circuit complexity and low
reported efficiency. For these reasons the new HF isolated converter topology for wind

applications is proposed in next chapter.

Table 1.5

Component count in two reviewed topologies

Topolo Dual bridge LCL resonant
Elements POO8 | Buck type converter converter ¢
Transistors 8 18
Diodes 10 4
Transformers 1 2
Inductors 1 2
Capacitors 2 3
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1.6. Conclusions

Analysis of wind theory shows that maximal energy from wind can be captured by
variable speed wind turbines. Variable speed operation leads to variable output voltage of
PMSG that is the most widespread electric machines for mechanical energy conversion in
electricity in micro and small scale wind turbine systems due to high efficiency and
possibility of multipole design and following elimination of gearbox. The output voltage
range of PMSG can reach 4 times VSWT and this is the main parameter for interface
converter that should be taken into account at converter design. Another feature of wind
energy is unpredictable nature and wide power range that should be transmitted from turbine
to grid. This fact has high importance if wind velocity distribution is taken into account. It
shows that converter will operate at partial loads most of the time and for this reason
converter efficiency should be as high as possible at partial loading.

Due to voltage and power characteristics of the PMSG based VSWT an interface
converter topology utilizing converters with boost properties seams the most suitable solution

for this application.
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2. NEW ISOLATED CONVERTER TOPOLOGY

To improve the overall performance of the PMSG based VSWT system a new
converter topology is proposed in [8], and is presented in Fig. 2.1. It consists of a three-phase
full bridge controlled rectifier (generator side inverter) with PFC functionality and a quasi-Z-
source (qZS) DC/DC converter with an HF transformer for galvanic isolation. The HF voltage
of transformer is rectified by voltage doubler rectifier. The full bridge inverter with LC filter
is used for interface converter connection with grid.

The proposed interface converter utilizes the multistage energy conversion. First, the
controlled rectifier converts the variable voltage with the variable frequency Ug., from the
PMSG into a DC voltage Upc;. The qZS DC/DC converter offers galvanic isolation and
voltage level adjustment between the generator side and the grid side DC links. Utilization of
a unique qZS network and appropriate control offers an additional voltage regulation freedom
at high efficiency. In such a way both converters together are responsible for the stabilized
grid side DC link voltage Upc;. Stabilized DC link voltage Upc2 can be inverted into the grid
current by an appropriate inverter. The modulated output voltage of the inverter is smoothed

by output LC filter to obtain purely sinusoidal voltage Ugya.
Controlled rectifier h;g, qZS based step-up DC/DC converter with HF isolation Ica Inverter LC filter
_> D E—
T1 T3 Ts T7 T, T11, 9713,
o KKK AR K& ,
gen — f
C.
= Upct R o7 Unbcz KVYYC:I
,g—; TzJ @Tj qu% Ti2 T1]@

Generator \_ Grid side ~—
side DC link DC link

el

Fig. 2.1. Power circuit of proposed interface converter

Converter operation modes at different wind speeds for the particular application with
1.3 kW PMSG are illustrated in Fig. 2.2. It is seen that the demanded voltage boost could be
obtained in two steps. First, the controlled rectifier stabilizes the generator side DC link
voltage Upc; to a 150 V level when the PMSG voltage is in the range between 45 V at cut-in
conditions and below 112 V. The generator-side rectifier works as an uncontrolled rectifier
when the PMSG voltage Uy, is above 112 V. In this mode the voltage Upc; is changing
proportionally to the PMSG voltage, from 150 V in the rated speed conditions up to 250 V
near the cut-off point. After the rectifier, the qZS based step-up DC/DC converter finally
stabilizes the grid side DC link voltage Upc; at 400 V DC despite variations in the generator
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side DC link voltage Upc; in the range from 150 V to 250 V and also provides the demanded

galvanic isolation.
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Fig. 2.2. General operation modes of the interface converter
In the following sections the main parts of the proposed interface converter are
analyzed and discussed in more detail. The simulation results of lossless model of generator
side converter and qZS DC/DC converter are shown to validate the proposed operation
modes. The theoretical assumptions are experimentally validated by help of the 1.3 kW test
setup (Fig. 2.3.) assembled in accordance with schematics presented in Fig. 2.1. The discussed
application was powered with 1.3 kW PMSG with 8 pole pairs and the converters were tested

separately.

Fig. 2.3. Laboratory test setup of interface converter
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A general specifications of experimental setup is collected in Table 2.1.

Table 2.1
General specifications of test setup
Component Value or type
PMSG
Phase resistance 1.2Q
Phase inductance 5 mH
Interface converter
T;...Ts 600 V/48 A IGBT (IXSH24N60AU1)
T;... Ty 600 V/12 A IGBT (G4PC30UD)
D; 600 V/120 A fast diode (STTH200L06TV)
D;, D; 1.2 kV /60 A FRED (DSEI2x61-12B)
Capacitance of C; 470 uF
Inductance of L; and L, 1.2 mH
Capacitance of C, and C; 60 uF
HF transformer turns ratio 1: 1.2
Capacitance of Cyand Cs 25 uF

2.1. Generator side converter

A three-phase PWM rectifier is used in the proposed interface converter to improve
the PMSG current shape and ensure 150 V level of the generator-side DC link voltage at the
lowest generator voltage. The equivalent circuit of the PMSG together with the three-phase

controlled rectifier is shown in Fig. 2.4.

Controlled rectifier

:IRLoad

Fig. 2.4. Equivalent circuit of the PMSG and the controlled rectifier
The PMSG is substituted by the voltage sources u,, 15 and u,., phase resistances R, and
inductances L, assuming that generator parameters are equal in all phases. The stator inductor
of the PMSG serves as the boost inductor in this application. The first harmonic component of

the PMSG voltage will be used for the PWM rectifier analysis.
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Generator voltage equations are given by

u, =U, sin(or)
up = U, sin(wt —120°) . (6)
u, = U, sin(ot —240°)

The phase shift between the generator’s internal voltage sources and the output voltage is not
taken into account due to the small inductance value.(7)

The transistor switching functions S1, S2, S3, S4, S5, S6 are defined as

1+ M -sin(wt) 1-M -sin(wt)
S =—— 2 S, =—
2 2
1+ M -sin(wt —120° 1-M -sin(wt —120°
S = ( ), Sy = ( ), (7
2 2
1+ M -sin(awt —240°) 1-M -sin(wt —240°)
SS = s S6 = s
2 2
where M - is the modulation index that is defined as
U
M = c?ntrol ) (8)
U

tri

Applying the above switching functions to the corresponding transistors, the unipolar
modulated voltages u,,, up, and u., can be seen (Fig. 2.5b, c, d) in the midpoint of the phase

legs.

Uyri Ucontrol a Ucontrol b Ucontrol ¢

N 4 V4 /

/ \

(a)

T

Upci

(b)
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Fig. 2.5. Three-phase PWM voltage waveforms
The peak value of the fundamental frequency component of this voltage is

U, :M%.

Therefore the RMS value of the rectifier’s line voltage is

V3, _ A3

U =—=U

N

M 'UDC].

)

(10)

The ratio B; of the controlled rectifier input and the first DC link voltage can be

expressed

BI:UDCI _242 _1.633
Uab M\/§ M
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The waveform of the rectifier line voltage is shown in Fig. 2.5e. It is clearly seen that
the output voltage of the controlled rectifier will be higher than the amplitude value of the
generator line voltage U, even at the unity value of the modulation index. To obtain equal
values of the generator side DC link voltage Upc; and the amplitude value of the generator
line voltage, the modulation index should be increased to 1.15. The transistor switching
function is no more sinusoidal in this mode [59].

The control algorithm of generator side inverter is built according to the PWM method

of control (Fig. 2.6a).

/Control system \
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Uc_ref
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/ Igen_ref + Vv
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Igen v
S

\ Switch Control Block
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Fig. 2.6. Control system of generator side inverter (for one phase)

The input values of regulator enter the instantaneous value of generator side DC link
voltage Upc; and the reference voltage Uc ,.r equal to the necessary voltage level. In order to
escape pulsations of voltage across capacitors, only constant component of voltage is used.
Further voltage error is feed to the PI regulator, whose output determines the amplitude of
reference current. The form of reference current is determined by supply voltage, as a result
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the current is in-phase to the voltage. Nonlinear element of the type ‘“‘saturation” is used for
limiting the amplitude of current. Further reference current will be given to the controller of
the commutation of power switches. The unit of the commutation of power switches is built
according to the method of vector control of power switches. In Fig. 2.6b the scheme of
controller is represented.

Thus, transfer of the necessary active power to the load or generator side DC link is
ensured. In the steady-state mode the value of error is equal to zero, value from the output of
integrator is constant. In this case the power transferred to generator side DC link is equal to
the output power of the generator.

The flowchart of the control algorithm (Fig. 2.7) clearly illustrates the control process
of the generator side inverter.

e N
Input
/gen, Ugen, / DC1

Set
Closed Switches

Calculate

I gen_ref
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/ gen with | gen_ref

A

Set Vector
Control

\ %

Fig. 2.7. Flowchart of the control algorithm for the generator side inverter

The controlled rectifier operates in the PFC mode and boosts the generator voltage to
150 V level when the line voltage of the generator is below the level of 112 V. The PFC
signal generation is stopped and the uncontrolled rectification mode takes place, when the

generator line voltage is higher than 112 V.
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2.1.1. Simulation results of generator side inverter

In order to check chosen control algorithm simulation has been carried out. It should
be noted, that scheme has been changed. The additional inductors were embedded after
turbine. It allows to measure voltage shape from generator correctly and restricts current
ripple. Also analog RLC filter is used to measure voltage shape from generator correctly

The first simulation was performed at the generator voltage Ug.,= 53 V and 40 W load
(Fig. 2.8.). At the time moment t=0.1 s, the regulator is switched on and the capacitor voltage
level is gradually increased up to reference level 150 V. The amplitude of current is
simultaneously raised up to the level that corresponds to the consumed power in this case. It is
evident that current shape follows generation voltage. THD is about 31%. There are high
frequency ripple that can be reduced by additional serial inductance or increased switching
frequency of power switches.

The second simulation was performed at rated generator speed conditions, with the
generator speed at 315 rpm and turbine power at 330 W. At this point the amplitude of the
generator voltage Ug., 1s 150 V and boost control are not needed (Fig. 2.9). At the time
moment t=0.1 s, the regulator is switched on. The generator current doesn’t follow the voltage
shape in this mode that can be considered as a disadvantage. Such situation is caused by

relative low voltage difference between DC link and generator voltage. THD is improved

from 41% to 31%.
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Fig. 2.8. Generator side DC link voltage Upc;, PMSG current i,, and voltage U,., and filtered
generator voltage U,.rat 40 W
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Fig. 2.9. Generator side DC link voltage Upc;, PMSG current i,, and voltage U, and filtered
generator voltage U,.rat 330 W

The third simulation was performed at maximal speed and power of the PMSG: 510

rpm and 1250 W, respectively (Fig. 2.10). Since the nominal speed of the generator is 375

rpm, it was required to verify the generator’s ability to produce the power necessary at that

speed. The amplitude of the generator’s output voltage Uy, reaches 250 V. PFC control is not

used in this mode and THD of generator current is about 28%.
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Fig. 2.10. Generator-side DC link voltage Upc;, PMSG current i, and voltage U, at 1250 W
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The test setup for generator side inverter is shown in Fig. 2.11. It consists of active
rectifier, Hall sensors for current measurement and optically isolated voltage measurement
system, digital control system and optically isolated drivers for IGBT transistors.

A series of experiments were performed to verify the proper operation of the PMSG
with the controller. Experiments with the controlled rectifier were performed according to the
simulation parameters. Control was realized by controlling six transistors with a fixed duty
cycle at 20 kHz switching frequency. It should be noted, that additional serial inductance was
added in order to smooth output voltage of generator. It is necessary for proper measurement
of voltage that is used as reference signal in control system. Additionally the inductors ensure

lower current ripple.

__6_ -

1 - Control System 5 - Active Rectifier
2 - Current Measurement 6 - Dynamic Load
3 - Voltage Measurement 7 - PMSG

4 - Driver

Fig. 2.11. Laboratory test setup for generator side inverter tests
The first experimental test was performed at rated speed conditions, with the generator speed
at 315 rpm and turbine power at 330 W. At this point the amplitude of the generator voltage
Ugen 1s 150 V and boost control are not needed (Fig. 2.12.). Opposite site of this situation is
current shape that doesn’t coincident with voltage shape. It is explained by not enough high

DC link voltage with respect to input voltage. It proved simulation results.
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Fig. 2.12. Experimental results: PMSG current (a) and generator side DC link voltage and
current (b) at 330 W
The second test was performed at maximal speed and power of the PMSG: 510 rpm
and 1250 W, respectively (Fig. 2.13.). Since the nominal speed of the generator is 375 rpm, it
was required to verify the generator’s ability to produce the power necessary at that speed.

The amplitude of the generator’s output voltage reaches 250 V. PFC control is not possible in

this mode.

-+ -

Ugen 100 vidiv
UDc1 100 vidiv
™M & &
. ' lgen 2 Aidiv
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Fig. 2.13. Experimental results: PMSG voltage and current (a) and generator-side DC link
voltage and current (b) at 1250 W
From experimental results is concluded that the controlled rectifier operates in close to
expected mode. Limitations connected with voltage distortion during transistor switching can
be eliminating by improvement of signal filtering. The distortions of measured voltage have
influence on the control algorithm performance since measurement voltage is used as
reference signal. Some passive filter can be used top improve the measured signals and

overall performance of control system.
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2.2. qZS based DC/DC converter with HF isolation

The qZSI is derived from a traditional Z-source inverter (ZSI) [45] and has two
distinctive advantages as compared to ZSI, such as continuous DC current drawn from the
source and lower operating voltage of the capacitor C, [2]. Practically, qZSI is a traditional
PWM inverter coupled with a special quasi-Z-source network (qZS-network). As seen from
Fig. 2.14., the gZS-network consists of two capacitors C; and C,, two inductors L; and L, and

a diode D;. The operation principle of the qZSI will be analyzed in detail in the next sections.

qZS based step-up DC/DC converter with HF isolation

Inc Ipc
5 . >
A D, c3_]_
TR
Ubct Uk so CI Upcs
)
\ 4 D32|S Cy
! - JES

\_ qZS-inverter : HF tr i VDR )

Fig. 2.14. qZS based step-up DC/DC converter with HF isolation

The high-frequency step-up isolation transformer provides the required galvanic
isolation of the input and output sides of the converter. Transformer’s primary winding is
connected to the output terminals of qZSI, while the secondary side is connected to the
voltage doubler rectifier (VDR). The VDR is derived from the full- bridge rectifier (B4U) by
the replacement of diodes in one leg by the capacitors (C; and C,) with equal capacity [72].
The resulting advantages of the VDR over the traditional B4U scheme are the doubling effect
of the secondary winding voltage of the isolation transformer and reduced power dissipation
due to smaller number of rectifying diodes and full elimination of the smoothing inductor.

Moreover, the dynamic performance and stability of VDR could be increased.
2.2.1. Operating modes qZS based DC/DC converter

The main function of the HF isolation converter is to stabilize the grid side inverter
voltage Upc; despite the variations of the first DC link voltage Upc;. By keeping the DC-link
voltage constant the PWM inverter could be operated with a fixed duty cycle value, thus

ensuring constant volt-second and flux swing of the isolation transformer.
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In accordance with the input voltage (generator side DC link voltage) the operating
modes of the proposed DC/DC converter could be broadly categorized as non-shoot-through

and shoot-through operating modes (Fig. 2.15).

No

Shoot - through
mode
|

Yes

Non shoot -
through mode

v

End

Fig. 2.15. Flow chart of operating modes of qZSI based DC/DC converter
Non-shoot-through operating mode
If the voltage is equal or higher than the desired DC-link voltage, the converter starts to
operate in the non-shoot-through mode. In this mode the qZSI operates as a traditional VSI
performing only the buck function of the input voltage. The operating period of the qZSI in
the non-shoot-through mode consists of the combination of active and zero states. During
active (energy transfer) states the power switches of the inverter bridge are gated alternately
in pairs (7}, Ty and T, T3) and power is transferred from the DC-link to the isolation
transformer (Fig. 2.16.). During zero states the primary winding of the isolation transformer is
shorted either through the upper switches (7}, T3) or the bottom switches (7>, T,) of the

inverter bridge (Fig. 2.17) and the transformer sees no voltage from the inverter.

®

Tl T3 Tl T3
— Jr ° Tr1
LJDC J_L UDC —l_l_ X

Urr pr=Ubc Urr pr=-Unc
T2 T4 T2 T4
——— ——
a) b)

Fig. 2.16. Equivalent circuit during active states: positive (a) and negative (b) half-cycles
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Fig. 2.17. Equivalent circuit during zero-states created by upper (a) and lower (b) switches

The switching state diagram of the proposed converter during the non-shoot-through
mode is presented in Fig. 2.18. It is seen that in the discussed algorithm zero states are created
by the upper switches of the inverter bridge (7; and 73). The HF inverter switching states
sequence presented in Table 2.2 shows that the upper and lower switches operate with same

switching frequency.
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. |
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Fig. 2.18. Operation principle of the qZSI in the non-shoot-through mode
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Table 2.2

PWM switching states sequence of the qZSI during the non-shoot-through operating mode

State T1 T2 T3 T4
zero state 1 0 1 0
active state 1 1 0 0 1
zero state 1 0 1 0
active state 2 0 1 1 0

The operating period of the PWM inverter during the non-shoot-through mode

consists of an active state ¢4 and a zero state ¢

T:tA +tZ (12)
Equation (12) could also be represented as
4 'z _p yp, =1 (13)
T T A7

where D, - is the duty cycles of an active state

Dz - is the duty cycle of an zero state.

Shoot-through operating mode

If the generator side DC link voltage drops below the predefined DC link voltage level
Upc the converter begins to operate in the shoot-through mode. The varying voltage of the
generator side DC link is preregulated to a desired DC-link voltage level by adjusting the
shoot-through duty cycle. Afterwards the isolation transformer is being supplied from the
inverter with a voltage of constant amplitude, as described in the previous section.

To boost the input voltage during the shoot-through operating mode the special
switching state — shoot-through state - is implemented in the HF inverter control. During the
shoot-through states the primary winding of the isolation transformer is shorted through both
the upper and lower switches of any one phase leg (i.e., both devices are gated on) or both
phase legs (Fig. 2.19). This shoot-through state (or vector) is forbidden in the traditional VSIs,
because it would cause a short circuit of DC capacitors and destruction of power switches.
The unique two-port network — the qZS-network (see Fig. 2.14) — makes the shoot-through
states possible, effectively protecting the circuit from damage. Moreover, the shoot-through
states are used to boost the magnetic energy stored in the DC side inductors L; and L, without
short-circuiting the DC capacitors C; and C,. This increase in the inductive energy in turn
provides the boost of voltage seen on the inverter output during the active states of the

inverter.
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Fig. 2.19. Inverter equivalent scheme during the shoot-through state

The switching state diagram of the proposed converter during the shoot-through mode
is presented in Fig. 2.20. To control the shoot-through states two reference signals (U, and
U,) were introduced. If the triangle waveform is greater than U, or lower than U,, the inverter
switches turn into the shoot-through state. Thus, in the proposed shoot-through PWM control
method, to reduce the current stress of the switches, the shoot-through states are created by
simultaneous turning on of all inverter switches (Fig. 2.19). The shoot-through time is evenly
split into two intervals of half the duration. During the shoot-through states the voltage across
inverter bridge drops to zero.

The PWM switching states sequence presented in Table 2.3 shows that the upper and
lower switches operate with different switching frequencies. The switching frequency of the
upper switches (7; and T3) in the shoot-through mode is equal to the fundamental frequency
of the isolation transformer, while the switching frequency of the lower switches (7, and 7)

is three times higher than that of 7; and T3

Table 2.3
PWM switching states sequence of the qZSI during the shoot-through operating mode
State T1 T2 T3 T4
zero state 1 0 1 0
shoot-through 1 1 1 1
zero state 1 0 1 0
active state 1 1 0 0 1
zero state 1 0 1 0
shoot-through | 1 1 1
zero state 1 0 1 0
active state 2 0 1 1 0
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Fig. 2.20. Operation principle of the qZSI in the shoot-through mode

The operating period of the PWM inverter during the shoot-through mode consists of

an active state 74, a zero state ¢z and a shoot-through state s:

Equation (14) could also be represented as

ty Iz Is
A4 242D, +D,+D¢=1, 15
T T = Pat Dz A Ds (15)

where D, - duty cycle of the active state;
D; - duty cycle of the zero state;
Ds - duty cycles of the shoot-through state.
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Operation of voltage-doubler rectifier

To reduce the turns ratio of the isolation transformer the voltage doubler rectifier
(VDR) was implemented on the secondary side of the converter. In contrast to the traditional
full-bridge rectifier, two diodes of one leg in the VDR topology are replaced by the
capacitors. The operation principle of the VDR is explained in Fig. 2.21. and Fig. 2.22.

A l A
D2 * C3 . D2 C3 ]
ouT
Tr1 111 o
X 1 [ R [ R
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D3 C4T D3 c4'1'
v \

a) b)

Fig. 2.21. Operation principle of VDR
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Fig. 2.22. General waveforms of VDR
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During the positive half cycle, the capacitor C; is charged through the diode D, to the peak
secondary voltage of the isolation transformer (Fig. 2.21a). During the negative half cycle the
capacitor Cy is charged through diode Dj; (Fig. 2.21b). At every time instant the output voltage
(Ubc?) from this circuit will be the sum of the two capacitor voltages (Fig. 2.22.), or twice the

peak voltage (Urg sec) of the secondary winding of the isolation transformer:
Upca =2-Urg sec- (16)

Operating principle of the qZSI during the shoot-through mode
As shown in Fig. 2.14., the voltage-fed qZSI with continuous input current is built in the
converter input side and it has a unique property: it can boost the input voltage utilizing a
special switching state — the shoot-through state (Fig. 2.17.). The shoot-through state is a time
interval when both switches of both inverter legs are conducting.
In the shoot-through operation mode there are two general power conversion states: shoot-

through (voltage boost in primary side) and active (power transfer to secondary side) state.

(b)
Fig. 2.23. Equivalent circuits of the qZSI during the shoot-through (a) and active (b) states
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The equivalent schemes of the qZSI during the shoot-through and active state are presented in
Fig. 2.23.[73]. All the polarities, voltages and currents are defined with arrows and polarity
signs.

From Fig. 2.23.a, which represents the shoot-through state of the qZSI with duration

ts, we can obtain
up =Ucry +Upy, upy =Ucy, (17)
upc=0, up =Uc+Uc,. (18)

From Fig. 2.23.b, which represents the active state of the qZSI with the duration of (7-fs), we

can obtain
up=Umn-Uc, upp=-Ucs, (19)
upc=Uci—up =Uc +Ucy, up =0, (20)

At the steady state the average voltage of the inductor over one switching period is zero.

Thus, from equations (17) and (19) we can obtain

ts (Uer +Uw)+(T=ts) (Ui =Ucl) _,

Up =up =
! @)
U ey tsUc)+(T=ts)(=Ucs)
L2 =Uy = T =
Accordingly,
s Is
Ua = Uy and Ugy = —Un- (22)
1-2.5 1-2.°5
T
The peak DC-link voltage across the inverter bridge is
. 1
upc=Uc1 +Ucy = —Uw=B-Up, (23)
S
1-2-=
T
where B - is the boost factor of the qZSI:
B= ! o (24)
1-2.°%
T
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Using the system power rating P we can obtain the average current of inductors L; and L:

P

—, (25)
Uiy

]Ll,av = ]L2,av = ]]N,av =

where Upy - 1is the input voltage of the converter.
To obtain the necessary currents of the qZSI we can use Kirchhoff's current law and
equation (23):

[Cl,av :ICZ,av :IDC,av_ILl,av; (26)
IDl,av = 21L1,av _]DC,av‘ (27)

The operating voltages and average currents of the qZSI during active and shoot-
through states are shown in Table 2.4. For the better appearance the shoot-through time

interval zg was replaced with the shoot-through duty cycle Ds=ty/T.

Table 2.4
Operating voltages and average currents of the qZSI
State Active Shoot-through
Dy 1- Dy
_ St S o ¢ it
Inductor voltage (uz;=u;>) 1-2-Dy IN 1-2-Ds IN
1
-1 U
DC-link voltage (upc) 1-2.Dyg IN 0
P-(1-2-D 2-P
DC-link current (Ipc.av) ( 5 ) — Dy
U]N U]N
1
Diode D1 voltage (up;) 0 2.0, U
Capacitor C1 voltage (U, 1= Ds
apacitor C1 voltage (Uc;) 1-2-Dg IN
Capacitor C2 voltage (U, Ds
apacitor C2 voltage (Uc;) 1-2-Dg IN
P
Input current (/;y4,) P—
Uy
P
Inductor current (1.7 ,v=112,4v) T
Un
Capacitor current (Ic;.o=Ic2.4v) Ipcav - IL1,av
Diode current (Ip;.q) 2It1,av - Ipcav
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Design issues of the qZS network

The qZS-network consists of two inductors, two capacitors and one diode, which
should be properly dimensioned to ensure the correct operation of the network during shoot-
through states. As seen from Fig. 2.20., the shoot-through time is evenly split into two
intervals of half the duration and the operating frequency of the qZS-network is twice the
fundamental frequency of the isolation transformer.

Dimensioning of capacitors

The main purpose of capacitors C; and C, is to absorb the current ripple and limit the
voltage ripple across the inverter bridge. The voltage ripple across the capacitor can be

roughly calculated by
AU =-Lav =" (28)

where [, - average current through the inductor;
C - capacitance of qZS capacitors;
At - the time interval of the shoot-through state.

In the proposed shoot-through PWM control method the shoot-through time is evenly
split into two intervals of half the duration. During active states both capacitors of the qZS-
network are in series (Fig. 2.23.5). Assuming that the capacitance should be the same for each
capacitor, the capacitance needed to limit the peak to peak DC-link voltage ripple by rvpc

could be calculated as

2-P- Dy

Un-Uc-f 1pce

; (29)

where P - power rating of the converter;
Uiy - input voltage;
Uc - capacitor’s voltage;
Ds - duty cycle of shoot-through states;
f - operation frequency of the qZSI;
rv.pc - desired peak to peak voltage ripple across the DC-link (U, /U.,).
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Dimensioning of inductors
The inductor in the qZSI network will limit the current ripple through the switches
during the shoot-through states. Choosing an acceptable peak to peak current ripple r¢ the

inductance can be calculated by

;Y Ds-Un

P-fre > (30)

where Ug;

is the capacitor’s C1 voltage;
Ds - is the duty cycle of shoot-through states;
f

rc

is the operation frequency of the qZSI;

is the desired peak to peak current ripple through the inductor (Z,,_/1,,).
To minimize the size and weight of the inductors, the two inductors could be built
together on one core, thus forming the coupled inductor [15] (Fig. 2.24). For a single coil on

one core, the flux through core is

p=E-N-if, (31)
where E - is a constant related to the core material and dimensions;
N - is the number of turns of the coil;
ir - is the current through the coil.
_ ® Core
IL1 )
q
UL1L wig %N
iL2
Up| w2 HN
B

Fig. 2.24. Coupled inductor
The inductance of the coil is

N-¢

Iy

L= =E-N2, (32)

In the voltage-fed qZSI the currents through inductors L; and L, are always exactly the
same in terms of waveform and magnitude. For two coils on one core with exactly the same

current, i, the flux through the core is
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¢p=2-E-N-ij. (33)

The resulting inductance of each winding when supplying exactly the same current to
the two windings is
N-¢

Iy

L= =2-E-N*%. (34)

It is seen from Eq. (33) that the inductance of each winding is doubled. Therefore, for
the same operating conditions we need to build two windings with twice smaller inductance
than in the case of separate inductors.

Dimensioning of diode

The diode D; should be chosen taking into account the maximal voltage up; mq and
average current Ip;,, through it. During the shoot-through states the diode D; is reverse-

biased (Fig. 2.23.a) and neglecting transients the maximal blocking voltage is

1
u =B-Upy=Up ——. 35
D1, max =Y, (35)
Average diode current could be found from Table 3:
2-P P P
1 =2-1 -1 = - = , 36
D1,av Ll,av DC,av U[N U]]\/ U[]\/ ( )
where P - is the power rating of the converter;
Uiy . is the input voltage;
Upc - is the DC-link voltage;
Dg - is the shoot-through duty cycle.
Maximal diode current could be found as
IDl,max = ]Ll,max + ILZ,max = IDC,max . (37)

During the diode selection special attention should be paid to the switching properties
of it, i.e. the fast recovery diodes should be preferred to ensure proper recovery times. The
forward voltage drop Upyp is another important issue, because the high values of Ugyp could
cause high conduction losses during active states, which, in turn, could seriously affect the

efficiency of the converter.
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HF inverter

In the PWM inverter, each switching device has to be selected according to the
maximum voltage applied and the peak and average current going through it. The maximal
voltage (neglecting transients) that should be taken as a basis for choosing power switches

should be found as a multiplication of the input voltage Uy and the boost factor B:

1

— 38
1-2-Dy 38

UpC,max =B-Upy=Up -
The current through the inverter switches consists of two elements, the current to the isolation
transformer during active states /,,, and the current through them when the circuit is in the

shoot-through state /s ,, (Fig. 2.25):

ISW,av :]A,av +1S,av~ (39)

The current during shoot-through states in terms of average is evenly distributed between both
inverter arms, as shown in Fig. 2.19. The average current value in the shoot-through period
through each switch is

_ 2114 Dg _P-Dy

- S , 40
S,av > U]N ( )

where I, - 1isthe average current through the inductors;

Ds - is the shoot-through duty cycle;
Uiy - the input voltage of the converter;
P - the power rating of the converter.

ts/2

~Y

ta/2

T
D Active states @ Shoot-through states

Fig. 2.25. Operating current waveform of the inverter switch during one switching period
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While in active states the average current is the same as in a conventional PWM
inverter:

1

Ly =28 = (1)
’ 2 2-Upc
where Ipc,y - 1s the average DC-link current;
Upc - is the DC-link voltage;
P - is the power rating of the converter.
The overall average current through inverter switches is
P-D P P
ISW,CIV = 2) + = . (42)
Uy 2:Upc 2-Uy

The peak current through the switches occurs during shoot-through states:

7, P 7,
ISW,max :IL,av '[1+7Cj: U '(1"'7(7}: (43)
IN

where I, - isthe average current through the inductors;
rc¢ - is the peak to peak current ripple through the inductors during
maximum power operation (/,-,/1uy).

Isolation transformer

The turns ratio n of an isolation transformer is defined as a relation of primary and secondary

winding voltages:

o Upe (44)
UTR,sec UOUT /2
where Urg - 1s the primary winding voltage;
Urrsec- 1s the secondary winding voltage;
Upc - is the DC-link voltage;
Uour - 1s the average output voltage of the converter.
Replacing the Upc value by that from Table 2.1 we can obtain:
anIN-B-Z= 2-Upy ’ (45)
Uour (1-2-Dg)-Uoyr

where Dgs - is the shoot-through duty-cycle;

U - is the input voltage of the converter.
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Taking into consideration Equation (45), we can express the output voltage of the proposed

converter for every operating point within the shoot-through operating mode:

2-Upy

(1-2-Dg)-n (46)

our =

Voltage doubler rectifier
To provide correct operation of the VDR and ensure the voltage doubling effect the capacitors
C; and Cy (Fig. 2.14.) should be properly dimensioned. To limit the peak to peak voltage

ripple on these capacitors by 7y our, the capacitance should be

i)
2 @7)

— : ,
Wour)™ - f1v.our

where P - is the power rating of the converter;
Uour- 1s the output voltage;
D, - isthe duty cycle of active state;
f - is the operation frequency of the Qzsi;

rv.our- 1s the peak to peak voltage ripple in the output of the VDR (U,.,/Uour).

When reverse-biased, the diodes D, and D; should block voltage twice the amplitude voltage

of the secondary winding of the isolation transformer (neglecting transients):
Up2 max = YUD3,max = 2'UTR,sec =Uour- (43)

The peak current of the diodes is typically limited by the system parameters such as
transformer leakage inductance, equivalent series resistance (ESR) of capacitors, active
resistance of wires, etc. and cannot be directly calculated. However, the average current of

diodes is equal to the output average current and could be found as:

P
IDZ,av = 1D3,av =

. (49)
Uour

As in the case of input diode D, for ensuring higher efficiency of the converter the diodes for

the VDR should be selected with special attention to the recovery times and forward voltage

drop values.
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2.2.2. Discontinuous conduction mode of qZS inverter.

As it is seen from Fig. 2.1., the proposed gZS-inverter has the input inductor L; that
buffers the source current. It means that in the continuous conduction mode (CCM) the input
current never drops to zero during the shoot-through states. However, in the case of small
loads, relatively low switching frequency and low inductance values of L; and L;, the qZS-
inverter could start to operate in the discontinuous conduction mode (DCM) and the input
current falls to zero during some part of the switching period. In the current application,
similar conditions could appear during the operation of a wind turbine near the cut-in region,
when the PMSG power drops to minimum [8].

The operating period of the qZS-inverter in the DCM generally consists of an active

state 74, a shoot-through state #5 and a discontinuous conduction state 75

Iy Is Ip
A4y 24 2D, +D+Dp=1, 50
T T T 4 S b (59)

where D, - duty cycles of active;
Ds - shoot-through state;

Dp - discontinuous conduction state.

The equivalent circuit of the discontinuous conduction state is similar to the active states (Fig.
2.16.D), the only difference is that the diode D; stops conducting at that time interval. The
equivalent circuits of the gZS-inverter in the shoot-through and active states remain the same
as in Fig. 2.17

When the converter is in a discontinuous conduction state zp, the voltages of the

inductors L; and L; are equal to zero. For the DCM, Eq. (21) could be extended as follows:

{Uu =up =Dg - Uc3+Upe)+Dy-Upcr ~Uca)+Dp-0=0 51)

Up=upp=Dg-(Uc)+Dy-(-Ue3)+Dp-0=0

where D, - duty cycles of active;

Ds - shoot-through state;

Dp - discontinuous conduction state.
In contrast to the CCM the operating voltage of the capacitor C; during the DCM will
increase:

__ 1=Ds-Dp
1-2-Dg-D,

Ucy Upci- (52)
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That, in turn, will lead to an increased peak value of the DC link voltage during the DCM,

causing the “overboost effect” of the input voltage:

1-D,,

UDC(DCM) =Ucy+Ucs = Upci- (53)

The appearance of the DCM in the experimental setup is demonstrated in Fig.2.26.
The generator side DC link voltage was set to 150 V that corresponds to the cut-in and rated
wind speed conditions. The load that corresponds to the turbine power at cut-in is 40 W. In
order to compensate the increase of the DC link voltage caused by the DCM the shoot-
through duty cycle Dg was reduced from the demanded 0.2 to 0.12. It is seen from Fig. 2.26
that the peak DC link voltage Upc as well as the peak value of the primary winding voltage of
the isolation transformer are 270 V that corresponds to theoretical assumptions described by
(53). The input current of the converter drops to zero during the discontinuous conduction
state #p (Fig. 2.26.a), as predicted in the analysis. Due to long current paths in the laboratory
prototype of the qZS based DC/DC converter that leads to parasitic inductances, voltage

oscillations can be observed at zero input current intervals.
2.2.3. Simulation and experimental results.

In the first test the generator-side DC link voltage was set to 150 V that corresponds to
the cut-in and rated wind speed conditions. The load that corresponds to the turbine power at
cut-in is 40 W. The qZS based DC/DC converter operates in the discontinuous conduction
mode (DCM) at such load. Since the voltage boost of the qZS based DC/DC converter is
higher at the DCM than at the CCM, the shoot-through duty cycle Ds was set at 0.12 for this
mode. Peak DC link voltage Upc is 270 V (Fig. 2.27.) that corresponds to theoretical
assumptions stated in [8]. The DCM for low power operation was chosen to reduce the size of
the inductors. Transformer voltages (Fig. 2.27) repeat the shape of the intermediate DC link
voltage. Due to long current paths in the laboratory prototype of the qZS based DC/DC
converter that leads to parasitic inductances, the voltage oscillations can be observed at zero
input current intervals.

The second test was performed at the same generator-side DC link voltage (Upc; =
150 V), but power was raised to 330 W that corresponds to turbine power at the rated wind
speed. To boost the input voltage to the desired voltage level of the intermediate DC-link
(250 V) the shoot-through duty cycle Dg was set to 0.2. Fig. 2.28. shows that the qZSI
operates in the CCM, thus ensuring the demanded gain of the input voltage (Upc= 250V, as
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expected). Moreover, the voltage doubler rectifier provides the demanded voltage doubling
effect of the peak voltage of the secondary winding of the isolation transformer, thus ensuring
the voltage of 405 V DC at the grid side DC-link (Fig. 2.28). Transformer voltages (Fig. 2.29)

have not any disturbances that verify correct component selection.
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Fig. 2.28 . DC link voltage and input current at rated speed conditions (330 W)
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Fig. 2.29. Voltages of transformers primary and secondary windings

The third test was performed at the maximum generator-side DC link voltage

(Upci1 =250 V), which corresponds to the maximal power of the turbine (1250 W). At this
operating point, when the input voltage equals the desired intermediate DC-link voltage
(Upci= Upc=250V), the shoot-through states were eliminated (Dg = 0) and the converter

operated as a traditional VSI (Fig. 2.30.). In that case the isolation transformer is supplied
with voltage pulses with the amplitude value equal to the generator-side DC link voltage. The

voltage waveforms of the isolation transformer in this operation point are similar to those

presented in Fig. 2.31.
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Fig. 2.30. DC link voltage and input current at rated wind speed (1250 W)
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Fig. 2.31. Voltages of transformers primary and secondary windings

2.3. Control methods of qZS inverters

This chapter unveils three shoot-through PWM control methods for the proposed
DC/DC converter: shoot-through by the overlap of active states, shoot-through during
freewheeling states and shoot-through during zero states [58]. The shoot-through states are
evenly spread over the switching period so that the number of higher harmonics in the
transformer could be reduced. In order to reduce switching losses of the transistors, the
number of shoot-through states per period was limited by two. Moreover, in order to evenly
distribute conduction and switching losses of transistors both inverter legs are involved in the

shoot-through operation.
2.3.1. Shoot-through by overlapping of active states.

Fig. 2.32. presents the control principle of the single-phase qZSI where the shoot-through
states are created by the overlap of active states, as shown in Fig. 2.32a and Fig. 2.32b. It is
remarkable that the inverter can operate without dead time. In this case the duty cycle of
active states of transistors is greater than or equal to 0.5. If active state duty cycle is greater
than 0.5 overlapping of active states of transistors occurs and the shoot-through states are
created (Fig. 2.32). During this operating mode the current through inverter switches
increases, the voltage across the inverter bridge (Upc) drops to zero (Fig. 2.32¢). The resulting
voltage waveform of the isolation transformer is presented in Fig. 2.32d.

The operating period of the isolation transformer in this control method consists of a

shoot-through state 75 and an active state #4:

T:tA+tS' (54)
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The (55) could also be represented as

Iy s
“+==D,+Dg=1, 55
7 Ty T PatDs (55)

where D, - is the duty cycle of active state;

Ds - is the duty cycle of shoot-through state.

As it is seen from Eq. (55) and also from Fig. 2.32d the duty cycle of active state will
vary with the variation of the shoot-through duty cycle. It approaches its maximum in the
non-shoot-through mode, when the input voltage is high enough and the shoot-through states
are eliminated. And vice versa, in conditions of minimal input voltage where the shoot-
through duty cycle is maximal the duty cycle of active states will have a minimum value. It
should also be noted that for the voltage fed applications with the positive input voltage the
maximum shoot-through duty cycle should never exceed 0.5 or the system could get instable.
From practical point of view the shoot-through duty cycles longer than 0.3 are not advisable
due to the rapid increase of losses.

T
| T/2 |

T/2
(a) % T1, T4 V
(b) % T2, T3

A
A

. /

~Y

Upc ———
(c)
0 >
ts/2 l : ts/2 l : t
U I | I I
DC ——— I I
(d) : ta/2 I
0 >
ta/2 t
Upc|l—- - —— ———— —

% Overlap of active states (Shoot-through states)

Fig. 2.32. Principle of shoot-through generation by the overlap of active state
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Active and shoot-through states are controlled by two 180 phase shifted PWM signal
generators operating with constant frequency and variable duty cycle (D>0.5 for each
generator). The simulation results (Fig. 2.33.) of this control methodology performed at
minimal input voltage U ,i»=150 V and the shoot-through duty cycle Ds=0.2 shows that the
gZSI1 ensures the demanded voltage gain (B,,=1.66). The operating frequency of the
impedance network is twice the operating frequency of the isolation transformer, while the
switching frequency of power transistors is the same as transformer’s one.

Despite the overall simplicity of this control methodology the direct dependency
between duty cycles of active and shoot-through states could sometimes be problematic e.g. in
the case of full-bridge output rectifier where active state duty cycle is used for output voltage
compensation and the shoot-through duty cycle controls only the DC-link voltage. This means
that the duty cycles should be independently controllable. Following two shoot-through PWM

control methods can solve that problem.

1 11,14

<—Shoot-through states

0.05608 0.0561 0.05612 0.05614 0.05616 0.05618
Time (s)

Fig. 2.33. Gating signals of transistors (77...7y), DC-link voltage (Upc) and

resulting primary voltage of the isolation transformer (Uzg )
2.3.2. Shoot-through during freewheeling states

One of possible solutions to control the active and shoot-through states separately is to
arrange shoot-through states during freewheeling states where all the inverter switches are

turned off (Fig. 2.34.).
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For proper operation the freewheeling time ¢z should meet the following condition:

tFRW 2l‘S,maxﬂ (56)

where fgmax- 1S the maximum duration of the shoot-through states per one
switching period.
In the current control method the operating period of the isolation transformer consists

of an active state 74, a shoot-through state #5 and a freewheeling state ¢zzy:
T:tA+tFRW (57)
Equation (57) could also be represented as:

t t
ta | TrrRw

T =DA+DFRW=1’ (58)

where D, - is the duty cycle of active state;
Drrw - 1s the duty cycles of freewheeling state.
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Fig. 2.34. Principle of shoot-through generation during freewheeling state
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The duty cycle of active states remains unchanged despite the fluctuation on the input
voltage and on the shoot-through duty cycle.

Fig. 2.34. illustrates the control methodology and resulting voltages of the single-
phase qZSI with the shoot-through states arranged during freewheeling states. The block
diagram of the gating signal generator for the proposed control method is shown in Fig. 2.35.
It involves two parts: an active and a shoot-through state control. Active states are controlled
by two 180 phase shifted PWM signal generators (PWMI1 and PWM?2) operating with
constant frequency and duty cycle. The transistors are driven alternately in pairs (7; and 7,
then 7, and T3). The shoot-through states are generated using a triangle waveform generator
and two comparators. When the modulation waveform is greater than the value of the
reference signal U, the first shoot-through state (all the transistors turned on) appears and
when the modulation signal is smaller than the reference signal U,, the second shoot-through

state takes the place.

Control of active states

PWM1 (D=0.25) _\Il —.OR1
5 f,_.>

1=

PWM2 (D=0.25) Phase shift — % OR2

G > Comp1
FAVAN >—|J
- —_OR3
up — .
p ! >_

Control of shoot-through states

Fig. 2.35. Principle of shoot-through generation during freewheeling states
Simulations of this control method (Fig. 2.36) performed at minimal input voltage Uy, nin=150
V, Ds=0.2, active state duty cycle of the isolation transformer D,=0.7 and duty cycle of
freewheeling states Dppp=0.3 show that the qZSI ensures the demanded voltage gain
(Bmax=1.66). The operating frequency of the impedance network is twice the operating
frequency of the isolation transformer, while the switching frequency of power transistors is
three times higher than that of isolation transformer. In the case of high input voltage when
the shoot-through states are eliminated the transistors operate with the same frequency as

isolation transformer.
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Fig. 2.36. Gating signals of transistors (77...T,), DC-link voltage (Upc) and resulting primary

voltage of the isolation transformer (Urg )
2.3.3. Shoot-Through During Zero States

As an alternative, the freewheeling states in the control methodology could be
replaced by the classic zero states when the primary winding of the isolation transformer is
shorted through either the top (7; and 73) or bottom (7, and 7,) inverter switches. The block

diagram of gating signal generator for this control methodology is presented in Fig. 2.37.

Control of active and zero states

NOT1
[T1]
PWNH (D=0.25) > _ TTORd
]
—— NOT2 -
Ph T3
I T P
= Iy ) o
G +Comp1
AN
o . -.OR3
P | )

Com -
Un w B
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Fig. 2.37. Principle of shoot through generation during zero states
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Active states are controlled by two 180 phase shifted PWM signals. The signals for upper
transistors 7; and 73 are inverted. The shoot-through states are generated using a triangle
waveform generator and two comparators.

Simulations of this control method (Fig. 2.38) performed at minimal input voltage
Unmin=150 V, Ds=0.2, duty cycle of active states D,=0.7 and duty cycle of zero states D,=0.1
show that the qZSI ensures the demanded voltage gain (B,.=1.66). It is seen, that the zero
states are produced by the simultaneous conduction of top-side transistors (7; and 73). In this
control algorithm the switching frequency of the top-side transistors in the shoot-through
mode is equal to the operating frequency of the isolation transformer, while the switching
frequency of the bottom-side transistors (7, and 7%) is three times higher than that of 7; and
T;. In the case of high input voltage when the shoot-through states are eliminated the

transistors operate with the same frequency as isolation transformer.
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Fig. 2.38. Gating signals of transistors (T1...T4) a) and DC-link voltage (Upc) and resulting

primary voltage of the isolation transformer (Urz ) b)
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2.3.4. Simulation results

The PSIM model of the qZSI-based single-phase DC/DC converter was developed and
simulations made to analyse the three [58] control algorithms. For all simulations the input
voltage of the converter was set to Upc;=150 V and the output power was P=330 W (rated
conditions). Other operating parameters and values were selected in accordance with design
specifications presented in Table 2.4. The input voltage, input current, collector-emitter
voltages and collector currents of transistors from one inverter leg as well as primary winding
waveforms of isolation transformer and voltage profiles of the capacitors in qZS-network
were measured.

Shoot-Through by the Overlap of Active State

Operating waveforms of the single-phase qZSI associated with the shoot-through
control method by the overlap of active states are presented in Fig. 2.39. - Fig. 2.41. The duty
cycles of the active and shoot-through states are 0.7 and 0.2 for one operating period,
respectively. The qZSI ensures continuous input current (Fig. 2.39.a) and the demanded input
voltage gain (Fig. 2.39.b). It is seen from the Fig. 2.40. that the top - and the bottom side

transistors operate with the same switching frequency and have the similar operating

waveforms.
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Fig. 2.39. Waveforms of input voltage (Upc;) and current (Ipc;) (a) and DC-link voltage
(Upc) and current (Ipc) (b)
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Fig. 2.40. Waveforms of collector-emitter voltage (U,.) and collector current (/.) of top-side

transistor 7; (a) and bottom-side transistor 75 (b)
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Fig. 2.41. Waveforms of primary voltage (U,.,) and current (/;.,,,) of the isolation transformer
(a) and voltage profiles of grid side DC link voltage (Upc:) and capacitor voltages C; and C»
(Uci, Uey) of the qZS-network (b)

Shoot-Through During Freewheeling State

Operating waveforms of the single-phase qZSI associated with the shoot-through
PWM control method where the shoot-through states are generated during freewheeling states
of the inverter are presented in Fig. 2.42. - Fig. 2.44. The duty cycles of the active,
freewheeling and shoot-through states are 0.7, 0.3 and 0.2 for one operating period,
respectively. The qZSI ensures continuous input current (Fig. 2.42.a) and the demanded input
voltage gain (Fig. 2.42.b). As it is seen from the Fig. 2.43., the top - and the bottom-side

transistors operate with the same switching frequency and have similar operating waveforms.
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The transistors are partially soft switched. Zero voltage switching is achievable for both top -

and bottom-side transistors, as indicated in Fig. 2.43.

150 X § X § X § X 250
Ude1 [V] Ude [V
140 | v 200 v
130 | t - 150
120 | 100
110 | + t 50
100 ! g
. ) 7 ~ .
Ide1 [A] 6 |
3 5 |
) /\/\/\/\ 4 | Idc [A]
L 3
1 2
: l
0 0 ’ i AT = 3 S — — | o |
0.05604 0.05608 0.05612 0.05616 0.0562 0.05604 0.05608 0.05612 0.05616 0.0562
Time (s) Time (s)
a) b)

Fig. 2.42. Waveforms of input voltage (Upc¢;) and current (Ipc;) (a) and DC-link voltage
(Upc) and current (Ipc) (b)
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Fig. 2.43. Waveforms of collector-emitter voltage (U,.) and collector current (/) of top-side

transistor 77; (a) and bottom-side transistor 7> (b)
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Fig. 2.44. Waveforms of primary voltage (Us.,,) and current (/,.,,) of the isolation transformer
(a) and voltage profiles of grid side DC link voltage (Upc2) and capacitor voltages C; and C,

(Ucy, Ucy) of the qZS-network (b)
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Shoot-Through During Zero State

Operating waveforms are presented in Fig. 2.45-Fig. 2.46. The duty cycles of the

active, zero and shoot-through states of the isolation transformer are 0.7, 0.3 and 0.2 for one

operating period, respectively. The operating currents of power switches as well as the profile

of the DC-link current are similar to those of previous control method. Benefit of the given

control methodology is that due to introduction of zero states instead of freewheeling states

the undesired spikes caused by the leakage inductance of the isolation transformer were fully

eliminated [58]. It is remarkable that full soft switching without additional components is

achieved for top-side transistors (7 and 73), as shown in Fig. 2.46.a.
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Fig. 2.45. Waveforms of input voltage (Upc;) and current (Ipc;) (a) and DC-link voltage
(Upc) and current (Ipc) (b)
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Fig. 2.46. Waveforms of collector-emitter voltage (U,.) and collector current (/) of top-side
transistor 7; (a) and bottom-side transistor 75 (b)
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Fig. 2.47. Waveforms of primary voltage (Us.,,) and current (/. ) of the isolation transformer
(a) and voltage profiles of grid side DC link voltage (Upc2) and capacitor voltages C; and C,

(Uci, Uey) of the qZS-network (b)

2.3.5. Comparison of Shoot-Through PWM Control Method

The operating values of the qZSI-based isolated DC/DC converter operating in voltage

boost (shoot-through) mode and with different shoot-through PWM control methods are

presented and compared in Table 2.5. The compared shoot-through PWM control methods are

designated as ,,A”, ,,B*“ and ,,C* for the shoot-through by the overlap of active states, shoot-

through during freewheeling states and shoot-through during zero states, respectively.

Table 2.5
Comparison of shoot-through PWM control methods
Method Method
Parameter Method “C”
“A” “B”
Operating frequency of the qZS-network during
2-f1r 2-frR 2-frr

shoot-through
Minimal switching frequency of top-side

: frr frr frr
transistors
Maximal switching frequency of top-side

. frr 3 frr frr
transistors
Minimal switching frequency of bottom side

. frr frr frr
transistor
Maximal switching frequency of bottomside

. frr 3 frr 3 frr
transistors
Soft switching for top-side transistor no partially full
Soft switching for bottom-side transistor no partially no
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It can be seen that the modulation method “A” has the most optimal operating
parameters. The switching frequencies of transistors are the smallest and are equally
distributed between all switches. However, the method utilizes active states overlapping to
generate the shoot-through states, which inherently connects shoot-through and active state
duty cycles such that they cannot be changed separately. In cases were such method is
unacceptable the modulation method “B” or “C” can be implement. In general, method “C”
seems to be a better choice since it has reduced switching frequency of the top-side transistors
and according to [58] have lower overvoltages and it provides no leakage inductance spikes in

the transformer voltage. Moreover, the top-side transistors are fully soft switched.

2.4. Interface converter for micro turbines

To reduce the overall cost of the system and taking into account “overbost” effect of
qZS DC/DC converter was offered simplified interface converter (Fig. 2.32.). Elimination of
controlled rectifier allows utilization of simpler control circuit. Since there is no need for

input voltage and current sensing anymore the overall cost of converter is significantly lower.
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Fig. 2.48. Power circuit for wind turbine systems of micro power level

The controlled rectifier is substituted with uncontrolled one to reduce the number of
switches and simplify the control circuitry. The necessary boost is obtained only by gqZS
DC/DC converter. Converter operation modes at different wind speeds for the particular
application with 1.3 kW PMSG are illustrated in Fig. 2.49.

First, the rectifier converts the variable voltage with the variable frequency Uk, from
the PMSG into a DC voltage Upc;. The generator side DC link voltage range is between 70 V
at cut-in conditions and 250 V in constant speed mode.

The qZS based step-up DC/DC converter is stabilizing the grid-side DC link voltage
Upcz at 400 V DC despite the variation of the generator-side DC link voltage Upc; in the
range from 150 V to 250 V. Neglecting losses in components, the output voltage of the qZS
based step-up
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Fig. 2.49. Operation modes of the simplified interface converter

DC/DC converter operating in the continuous conduction mode (CCM) could be estimated as

2-U 1
U — DC1 59
DC2 p (1_2_DSJ, (39)

where Upc;- is the generator-side DC link voltage;
n - is the turns ratio of the primary and secondary windings of the isolation
transformer;

Ds - is the shoot-through duty cycle.

The shoot-through is a special operation state of the qZS based step-up DC/DC
converter, when the primary winding of the isolation transformer is shorted through both the
upper and lower switches of all two phase legs. The unique qZS-network (see Fig. 2. 33).
makes the shoot-through states possible, effectively protecting the circuit from damage.
Moreover, the shoot-through states are used to boost the magnetic energy stored in the DC-
side inductors L; and L, without short-circuiting the DC capacitors C> and Cjs. This increase in
the inductive energy in turn provides the boost of the voltage seen on the inverter output
during the active states of the inverter. In that way, by keeping the voltage Upc constant the
inverter could be operated with a fixed duty cycle value, thus ensuring constant volt-second
and flux swing of the isolation transformer TR.

As it is seen from Fig. 2.48. the proposed qZS-inverter has the input inductor L/ that
buffers the source current. It means that in the CCM the input current never drops to zero
during the shoot-through states. However, in the case of small loads, relatively low switching
frequency and low inductance values of L/ and L2, the qZS-inverter could start to operate in
the discontinuous conduction mode (DCM) and the input current falls to zero during some

part of the switching period. In the current application, similar conditions could appear during
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the operation of a wind turbine near the cut-in region, when the PMSG power drops to
minimum.

The operating period of the qZS-inverter in the DCM generally consists of an active
state 74, a shoot-through state #5 and a discontinuous conduction state 75

gy s Ip
A4 24+ 2-_D,+Dc+D,=1, 60
T T T 4 5 b (©0)

where Dy, Ds and Dp are the duty cycles of active, shoot-through and discontinuous
conduction states, respectively.
In contrast to the CCM the operating voltage of the capacitor C2 during the DCM will
increase and it will lead to an increased peak value of the DC link voltage during the DCM,
causing the “overboost effect” of the input voltage:

1-Dp
1-2-Dg - D)

Upcipcmy=Ucr +Ucs =

The PWM shoot-through control technique [86] was implemented during the tests.
The qZS network was operating at 20 kHz frequency, but isolation transformer at 10 kHz.

In the first test the generator-side DC link voltage was set to 70 V that corresponds to
the cut-in wind speed conditions. The load that corresponds to the turbine power at cut-in is
40 W. The gZS based DC/DC converter operates in the discontinuous conduction mode
(DCM) at such load. The shoot-through duty cycle Dg was set at 0.27 for this mode. Peak DC
link voltage Upc is 250 V (Fig. 2.50.) that corresponds to theoretical assumptions stated in.
The DCM for low power operation was chosen to reduce the size of the inductors. Due to
long current paths in the laboratory prototype of the qZS based DC/DC converter that leads to

parasitic inductances, the voltage oscillations can be observed at zero input current intervals.
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Fig. 2.50. Simulation a) and experimental b) results of simplified interface converter
74
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2.5. Conclusions

The study of the wind theory shows that a VSWT allows maximum power from air
flow to be extracted. PMSG based VSWT characteristics and wind properties on the Baltic
coastal regions were analyzed to define the converter operation modes and. Converter
topologies studied earlier shows that they are not well suited for micro VSWT applications
due to the complexity and efficiency concerns

For these reasons the simplified topology of PMSG based VSWT and grid interfacing
converter is presented in this paper. The converter consists of a rectifier, a quasi-Z-source
DC/DC converter, a high frequency isolation transformer and a voltage doubler rectifier. Such
topology offers necessary voltage boost properties and a simple power circuit. The results of
performance tests demonstrate the interface converter ability to ensure the required grid side
DC link voltage at all operation modes of PMSG-based WSVT. This topology could be
implemented in residential PMSG VSWT applications with power up to 3kW
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3. QZS DC/DC CONVERTER WITH IMPROVED BOOST
PROPERTIES

This chapter proposes a possibility for further improvement of the quasi-Z-source
based back-to-back interface converter by the introduction of the switched inductor quasi-Z-
source network (Fig. 3.1.). In contrast to converters presented in Fig. 2.1. the new topology

offers the increased voltage boost capability of the grid-side inverter.

PWM rectifier Switched inductor quasi-Z-source PWM Inverter LC filter
I
]EI, “ L Il C2 R g a h
1

Y Y Y
TIJ @Tj @Tj Dy Ls T j@gﬁ j@
" ‘ c Di Ds p, ¥ 4
—| |Upcz Upcz /W\Z;I U.
grid
1;9: sz@ﬂj Tj@g CJT sz sz@ L 6

= /

Fig. 3.1. New proposed switched inductor quasi-Z-source based back-to-back converter for
VSWTs with PMSG

The proposed SL gZS network consists of three inductors (L,...L3), four diodes
(D;...Dy) and two capacitors (C; and C>). Inductors L, and L; can be implemented as coupled
inductors. Coupled with the grid side PWM inverter, the SL qZS network forms the SL quasi-
Z-source inverter (SL qZSI). Similarly to the traditional qZSI [75], the SL qZSI has two main
types of operational states at the DC side: non-shoot-through states and shoot-through states.
Let us assume that the operating period 7 of the SL qZSI consists of a shoot-through state #s

and an active state 74:

Iy Is
“+==D,+Dg =1, 62
7 T P4t s (62)

where D, - isthe duty cycles of an active state;
Ds - is the duty cycle of shoot-through state.

In order to simplify the analysis it was assumed that the capacitors, inductors and
diodes of the SL qZS network are lossless. Fig. 3.2. shows the equivalent circuits of the SL
qZSI operating in the CCM for the shoot-through (a) and active (b) states.
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At the steady state the average voltage of the inductors over one operating period is zero:

t+T t+T t+T
Uy = Iuletzo; Uy, = Iumdt:O; Uy, = J'uL3dz=0. (63)

t t t

Based on that fact and defining the shoot-through duty cycle as Dgs and the non-shoot-
through duty cycle as (7-Ds), the inductors voltages over one operating period could be

represented as

Up =ug =Dg(Upc) +Uc2)+(1=Dg)Upc; —Uc) =0
B B U (64)
Uy, =U;3 =i, =ti;3=DsUgy +(1—DS)(—%)=O

Equations for average capacitor voltages Uc; (4), Uc: (5) and peak inverter input

voltage Upc: (6) are derived from the steady state analysis.

_Upci-(1=Dy)
(1-2-Dg - D?)

(65)

U -2-D
UCZ _ DC1 S2 ) (66)
(1-2-Dg - Dg)

O = Upci-(1+ Dy)
DC2 — 2
(1-2-Dg - Dg)

=B'UDC1 . (67)

The voltage conversion ratio G of the whole inverter can be expressed by

U .
G=—54" _y.B, (68)
Upci

where M - is the modulation index.
The modulation index is connected with the shoot-through duty cycle by the following

relation [2]:

M <1-Dy, (69)
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Fig. 3.2. Equivalent circuits of the SL qZSI: during shoot-through state (a) and during active
(non-shoot-through) state (b)

In Fig. 3.3. the voltage boost factor B and the voltage conversion ratio G of the
traditional qZSI are compared with those of the proposed SL qZSI. It is seen that the shoot-
through duty cycle Ds for the SL qZSI is lower than for traditional qZSI at the same voltage
conversion ratio G (Fig. 3.3.b). This is significant feature of the SL qZSI that allows expand
the grid voltage regulation possibilities at reduced grid side DC link peak voltage Upcs.
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Fig. 3.3. Boost factor B (a) and voltage conversion ratio G (b) as functions of the shoot-

through duty cycle for qZSI andd SL qZSI

3.1. Operation modes of the interface converter

Generally, PMSG based VSWTs have three distinct operation modes: silent mode,
variable speed operation mode and constant speed mode. A turbine is silent in two cases:
wind speed is below a cut-in level or above the cut-off speed. Turbines operate at variable
speed in the wind velocity range from cut-in to rated wind speed. Rated wind speed differs by
turbine types, but often has the value of 12 meters per second. Constant speed mode takes
place above the rated wind speed and output power of the turbine remains constant at this

mode.
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PMSG with 8 pole pairs was considered as a power source in this research. Its line
voltage is 140 V at 375 rpm, but it can operate up to 510 rpm. This speed is considered as the
maximum power operational point for the turbine and the generator. Generator power reaches
1250 W at this point with the output voltage of 183 V. Cut-in speed for a turbine is 125 rpm
and it can produce 40 W, but the generator voltage is only 48 V at this point. So this is the
lowest input voltage for an interface converter.

Based on the specifications of the PMSG the operation modes of the proposed back-
to-back interface converter are presented in Fig. 8. The necessary voltage boost is obtained in
two steps. The PWM rectifier stabilizes the DC link voltage Upc; to a 150 V level when the
generator voltage is below 112 V. This operation mode of the converter is called a PWM
mode. The transferred power of the converter lies between 40 W and 330 W at this mode.

The controlled rectifier works as diode rectifier when the generator voltage U, is
above 112 V. In this mode the DC link voltage is changed proportionally to the generator
voltage, at the range from 150 V in rated generator speed conditions up to 250 V at the

maximal speed.

500 ____

450
4001 qZSi input voltage, Upcz
350+

1 ZSI1
300 .

250

Voltage (V)

Uncontrolled rectification

Cut-in region

2001

150 PW DC link voltage, Upci

100
50 \Generator voltage, Ugen Cut-off speed

0 3 6 9 12 15 18 21 24 27
Wind speed (m/s)

Fig. 3.4. Operation modes of the proposed converter
The SL qZS network with appropriate inverter control is stabilizing the peak value of
the inverter side DC link voltage Upc> to 490 V despite the voltage variations on the generator
side DC link. The inverter input voltage Upc, regulation is obtained by changing the shoot-
through duty cycle Ds [8].
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The peak value of the inverter side DC link voltage Upc> is so high due to lower modulation
index M if compared with voltage source inverters. Modulation index is limited by shoot-
through states implemented in SL qZSI.

The variation range of the voltage conversion ratio G (69) lies between 1.44 and 2.4
that corresponds to the generator side DC link voltage Upc; range from 250 V up to 150 V.
Since the modulation index M and the boost factor B are the functions of Ds, the appropriate
values of shoot-through can be found for minimum and maximum G values. The variation
range of the shoot-through duty cycle Ds is from 0.17 in maximum speed conditions to 0.27 in

the cut-in speed conditions.

3.2. Analysis of simulation and experimental results

A series of simulations and experiments were performed to verify the proper operation
of the proposed SL qZSI based back-to-back converter. Tests were performed at three
characteristic operation points of the VSWT system to demonstrate the converters operation
modes in the entire generator voltage and power range [8]. These points are: cut-in speed (low
voltage and minimum power), rated speed (corresponds to 7.5 m/s wind speed) and maximum
generator speed, power conditions. General parameters of experimental setup based on 1.3
kW PMSG and proposed interface converter are summarized in Table 3.1. The simple boost
control technique [8] was implemented for the SL qZSI during simulations and tests. The
operating frequency of the SL qZSI network was 10 kHz and maximal switching frequency of
transistors — 20 kHz.

Table 3.1
General specifications of experimental setup
Component \ Value or type
PMSG
Phase resistance 1Q
Phase inductance 5 mH
Interface converter
1;...Ts 600 V/48 A IGBT (IXSH24N60AU1)
T1...Tiy 600 V/12 A IGBT (G4PC30UD)
D;...Dy 600 V/120 A fast diode (STTH200L0O6TV)
Capacitance of C 470 uF
Inductance of L;...L3; 1.2 mH
Capacitance of C,...C; 180 uF
Inductance of Ly 100 uH
Capacitance of Cy 2uF
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The tests were performed in two stages. First, the operation of PWM rectifier was

studied, which is followed by the validation of the SL qZSI.
3.2.1. Analysis of experimental results of PWM rectifier

Experiments with PWM rectifier were performed in order to ensure that there is no
need for additional inductors between PMSG and rectifier for proper boost functionality. First
test was performed at generator voltage U, = 53 V and 40 W load, which corresponds to the
cut-in speed conditions. Simple boost control was realized by controlling only three lower
transistors with the fixed duty cycle at 10 kHz switching frequency. Generator current Ig,
(Fig. 3.5.a) is not sinusoidal due to simple boost control, but the amplitude of the generator
voltage Uy, appears as 150 V, since this is modulated signal with amplitude equal to DC link
voltage Upc, (Fig. 3.5.b).

Second test was performed at rated speed conditions, when generator speed is 315 rpm and its
power reaches 330 W. The amplitude value of generator voltage U,., reaches 150 V and there
1s no need for the boost (Fig. 3.6.).

Third test was performed at maximal speed and power of the PMSG: 510 rpm and
1250 W, respectively (Fig. 3.7.). Since the nominal speed of generator is 375 rpm, the test
was necessary to verify the generator ability to produce required power at this speed. The
amplitude value of generator output voltage reaches 250 V at this point and is maximal input

voltage for the SL qZSI.
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Fig. 3.5. PMSG voltage and current (a) and generator side DC link voltage and current at 40W
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Fig. 3.7. PMSG voltage and current (a) and generator side DC link voltage and current (b) at
1250 W

After the experiments it was concluded that the PWM rectifier operates as expected
thus ensuring the demanded voltage on the generator side DC link within the whole operation

voltage range of the selected PMSG
3.2.2. Analysis of simulation and experimental results of the SL. qZSI

First simulations and tests were performed at the generator side DC link voltage of
150 V. The power rating was 330 W. To boost this voltage to the desired level of the
intermediate DC link (Upcz = 490 Vpear) the shoot-through duty cycle Dg was set to 0.27. Fig.
3.8. shows that the SL qZSI operates in CCM and ensures the demanded gain of the input
voltage (Upcz = 490 Vpeak, as expected).
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The simulated and experimental waveforms of the grid voltage and current U,z and
Igiq of the proposed interface converter at this operation point are presented in Fig. 3.9. It is
seen that the grid side PWM inverter operates correctly thus ensuring the 230 VACy,s 50 Hz
grid voltage.
The second group of simulations and experiments was performed at the generator side DC
link voltage of 250 V. The power rating was 1250 W. The shoot-through duty cycle of the SL
qZSI was set to 0.17 to ensure necessary voltage boost at this operation point. Both DC link
voltages and input current are shown in Fig. 3.10. while the grid voltage and current in Fig.
3.11 Experimental results clearly demonstrate the converter’s ability to ensure the required

grid voltage level at all operation modes of the interface converter.

600 | . . . — 5t P Pias: 0000 CH3
Ude2 [V] Tek L ] np+ 03 5
w00 | ( Ubcs (200 V7div) G
.
0| — — - - L Upci (50.V/div) 200kHz
o VoltsDiv
5 . . . Coarse]
4 ldet [A] Probe
3 : : 0%
| Yoltage
2 |
% Inwert
0 2
0.0528 0.05285 0.0529 0.05295 0.053 CHZ 2004 M2500s
Time (s) CH3 SO0y RrefC 1.00% 500us  FrefD 1.00% 500 us
(a) (b)

Fig. 3.8. Simulated (a) and experimental (b) waveforms of operating voltages and input

current of the SL qZSI at 330 W
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Fig. 3.9. Simulated (a) and experimental (b) waveforms of the grid voltage and current at
330 W

84



600 Udc2 J'V}. : : 1 Tek ™ i Stop b Pos: 0,000s CH3
o | Uses 1200V/divy cogin
UDCI ( 0 V/div, . .
200 | Udet fv} *-wf-r---'"- st P—*“k-i*wﬂ“}.l*— BWlt

1T
. || | 1 1 200hHz
e Ipci (2 A/div) Yalts/Div

| | ; Coarse]

8 ide1 [A] Probe

6 | . . | . . 0K
. \/\/\/\/\/\ Yoltage

[ ¥ Inveert

2 Off

o ! T
0.0528 0.05285 0.0529 0.05295 0.053 CHZ 2008 M 25008
Time (s) CH3 500V RefC 1.00v 50005 RedD 1004 500us
(@) (b)
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1250W load
400 Tek in @ Stop M Pas: 100,005 CHY
. -

00 Ugrid [V] Ugria (200 V/div) Coupling
0 B Limnit
200 200MH:z

-400 Valts D
Coarsel
10
. Probe
5 _ Igrid [A] 105
Yoltage
0
Invert
N off
-10 J
0.02 0.03 0.04 0.05 0.06 CHZ 5004 b 5.00ms
Time (s) RefC 1004 S000s  RefD 1.00% 50005
(a) (b)

Fig. 3.11. Simulated a) and experimental b) waveforms of SL qZSI output voltage and current

at 1250W load

3.3. Power losses of semiconductors in qZS DC/DC converters with HF
isolation

Since the direct efficiency measurement of the qZS DC/DC converter with HF
isolation can not be made do to absence of calorimeter the power losses in semiconductor
switches was evaluated by the simulation software PSIM with thermal module. The model of

semiconductor switches was developed according to manufacturer data sheets.
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Conduction losses of diode Pp . 1s calculated by following relation:
PD_con = Ud ']d’

where U, - isthe diode voltage drop;
I; - is diode forward current.
The diode turn on loses are neglected, but the turn off losses of diode Pp s 1s

calculated as follows:
1
PD_SW :ZQW' 'Ur I

where 0, - isreverse recovery charge;
U, - isreverse blocking voltage;
f - frequency.

Conduction loses of transistor Py ., is calculated as:
PQ_con = Uce 'Ic ’

where U, - is the transistor saturation voltage;
I. - 1sthe collector current.
The turn-on losses of the transistor is calculated as:
U

— ce
PQ_turn—on _Eon fU >
ce _datasheet

where E,, - is the transistor turn-on energy;
f - is the frequency;
U. - 1isthe actual collector emitter voltage;
Uce datasheer - 15 the datasheet value.

The turn-off loses of transistor is calculated as follows:

U
PQ_turn—off = Eoﬁ‘ ’ f ’ %’
ce _datasheet

where E,; - is the transistor turn-off energy.

(70)

(71)

(72)

(73)

(74)

The values of semiconductor (diodes and transistors of qZS and voltage doubler

rectifier) power losses of qZS DC/DC converter with HF isolation and SL qZS DC/DC

converter in proposed interface converter topologies evaluated by PSIM software are

collected in Table 3.2
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Table 3.2

Power losses of semiconductor switches at different wind conditions (qZS & VDR)

. Power Ppc: 40 W 40 W 330 W 1250 W
Conditions Voltage Upc; 70V 150 V 150 V 250V
Wind speed 3.5m/s 3.5m/s 7.5 m/s 12 m/s
Converter topology Loses and efficiency (only semiconductor devices)
. 4 W 17 W 37.8 W
Rectifier & qZSI 90 % 05 % 979
. 39W 21.5W 447 W
Rectifier & SL qZSI 90.2 % 93.5 % 96.4 %
. 2.6 W 17 W 37.8 W
Controlled rectifier & qZSI 93.5 9 95 9 979
Controlled rectifier & SL 33W 21.5W 447 W
qZSI 91.7 % 93.5 % 96.4 %

3.4. Conclusions

Proposed SL qSZ DC/DC converter with increased boost properties can be

successfully implemented in applications where inverted voltage can be directly supplied to

distribution network. Thanks to shorter shoot-through duty cycles the range of modulation

index M can be wider and total voltage conversion ratio G — higher. Analysis of the power

loses in qZS DC/DC converter with voltage doubler rectifier in proposed interface converter

topologies (Table 3.2) shows that utilization of controlled rectifier increases the efficiency of

DC/DC converter, but taking into account additional power losses caused by controlled

rectifier itself the utilization of this topology is less attractive than topology with uncontrolled

rectifier, especially in micro power range.
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4. CONCLUSIONS AND FUTURE WORK

The family of qZS based interface converters for PMSG based VSWT applications are
offered in this thesis The qZS based interface converter with generator side inverter was
offered for PMSG based VSWT systems in small power range, but topology with
uncontrolled rectifier for micro power range.

The new topology of qZS converter with switched inductors was offered and analysed.
The main target for this topology is converters with ultra wide input voltage range, thanks to
enhanced boost performance of this converter. The main advantage of the proposed converter
i1s the enhanced output voltage regulation properties thanks to the new SL gZS network
implemented. The proposed topology could be implemented in the residential PMSG based
wind turbines with power rating up to 15 kW.

The future work should be concentrated on brand new semiconductor switch
utilisation in converters for future efficiency optimization and higher utilization of renewable

energy.
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1. VOLTAGE MEASUREMENT

U HIE B EIEIE 2 [Z]E]1= = [=
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VIE—

2. C-code of controlled rectifier control
#include "DSP2833x Examples.h" // DSP2833x Examples Include File
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#include <math.h>
#include <stdio.h>
#include <file.h>

#include <stdlib.h>

#include <limits.h>

/I LOCAL ABBREVIATIONS AND CONSTANTS
//

#define EPWMI1_PRD 1995
#define Udc ref 18205 //150V
#define Kint 10000000
#define opened 900

#define closed 0

#define PI 3.141592654

// LOCAL FUNCTION PROTOTYPES
//

void Set Pwm(void);
void Configure ADC(void);
interrupt void Change PWM _ duty(void);

//

// FUNCTIONS
/1

float Udc, ia, ib, ic, irefa, irefb, irefc, S=0, scale=-0.1;

signed int Ua int, Ub_int, Uc int, Udc int, ia_int, ib_int, ic_int;
float ADC dc_vector[10];

unsigned int ADC _res[7];

float ADC_sum;

void main(void)
{
InitSysCtrl(); // general clock settings

EALLOW;
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#if (CPU_FRQ_150MHZ) // Default - 150 MHz SYSCLKOUT

#define ADC_MODCLK 0x3 // HSPCLK = SYSCLKOUT/2*ADC_MODCLK?2 =
150/(2*3) =25.0 MHz
#endif
#if (CPU_FRQ_100MHZ)

#define ADC_MODCLK 0x2 // HSPCLK = SYSCLKOUT/2*ADC_MODCLK?2 =
100/(2*2) =25.0 MHz
#endif

EDIS;
InitEPwm1Gpio(); //initialization of PWM signal
InitEPwm2Gpio();
InitEPwm3Gpio();
InitEPwm4Gpio();
InitEPwm35Gpio();
InitEPwm6Gpio();
DINT;

InitPieCtrl();
InitAdc(); // initialization of AD converter
InitEPwm();
Configure ADC(); // set common configuration of AD converter
Set Pwm(); // set settings configuration of PWM
EPwmIRegs.ETCLR.bit.INT = 1;
IER = OxFFFF; //
IFR = 0x0000; //
InitPieVectTable(); // settings of Interrupt vector table

EALLOW; // This is needed to write to EALLOW protected registers
PieVectTable. EPWMI1 INT = &Change PWM_duty;
EDIS; // This is needed to disable write to EALLOW protected registers

EALLOW;
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SysCtrlRegs. PCLKCRO0.bit. TBCLKSYNC = 0;
EDIS;

EALLOW;
SysCtrlRegs. PCLKCRO.bit. TBCLKSYNC = 1;
EDIS;

IER |= M _INT3; // Enable group 3 CPU interrupts
PieCtrlRegs.PIEIER3.bit.INTx1 = 1; // Enable interrupt 1 in group 3

EINT; // Enable Global interrupt INTM
ERTM; // Enable Global realtime interrupt DBGM

for(;;)
{
asm("NOP");

}

100



/**************************************************************************

*  (@brief Initializing of timers 1, 2, 3

*/

/***************************************************************************

/
void Set Pwm()
{
EPwmlRegs. TBPRD
Set timer 1 period
EPwm2Regs. TBPRD
Set timer 2 period
EPwm3Regs. TBPRD

Set timer 3 period

EPwmIRegs. TBPHS.half. TBPHS

1 phase 0

EPwm2Regs. TBPHS.half. TBPHS

2 phase 0

EPwm3Regs. TBPHS.half. TBPHS

3 phase 0

EPwmlRegs. TBCTR
Clear counter

EPwm2Regs. TBCTR
Clear counter

EPwm3Regs. TBCTR

Clear counter

=EPWMI1 PRD;

=EPWMI1 PRD;

=EPWMI1 PRD;

= 0x0000;

= 0x0000;

= 0x0000;

= 0x0000;

= 0x0000;

= 0x0000;
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/l
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// Initializing compare registers

//

EPwmIRegs.CMPA half. CMPA =0;
EPwm2Regs.CMPA .half. CMPA =0;
EPwm3Regs.CMPA .half. CMPA =0;
EPwmIRegs.CMPB =0;
EPwm2Regs.CMPB =0;
EPwm3Regs.CMPB =0;

//

/I Action when the counter equals the active CMPA register and the counter is

incrementing

// 0x0000 (00) Do nothing (action disabled)

// 0x0001 (01) Clear: force EPWM1A/EPWM1B output low

/1 0x0002 (10) Set: force EPWM1A/EPWM 1B output high

/1 0x0003 (11) Toggle EPWMXxA output: low output signal will be forced high, and a
high signal will be forced low

//

EPwml1Regs. AQCTLA.bit. CAU = 0x0001;
EPwm2Regs. AQCTLA.bit. CAU = 0x0001;
EPwm3Regs. AQCTLA.bit. CAU = 0x0001;
EPwmlRegs. AQCTLB.bit. CBU = 0x0001;
EPwm2Regs. AQCTLB.bit. CBU = 0x0001;
EPwm3Regs. AQCTLB.bit. CBU = 0x0001;

I/

// Action when the counter equals the active CMPA register and the counter is

decrementing

// 0x0000 (00) Do nothing (action disabled)

// 0x0001 (01) Clear: force EPWMXxA output low

/1 0x0002 (10) Set: force EPWMxA output high

// 0x0003 (11) Toggle EPWMXA output: low output signal will be forced high, and a
high signal will be forced low

//

EPwmlRegs.AQCTLA. bit.ZRO = 0x0002;

EPwm2Regs. AQCTLA.bit.ZRO = 0x0002;
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EPwm3Regs. AQCTLA.bit.ZRO = 0x0002;

EPwmIlRegs. AQCTLB.bit.ZRO = 0x0002;
EPwm2Regs. AQCTLB.bit.ZRO = 0x0002;
EPwm3Regs. AQCTLB.bit.ZRO = 0x0002;
return,;

interrupt void Change PWM _duty(void)
{

unsigned int tmp1;

if(AdcRegs. ADCST.bit.SEQ1_BSY==0)

ADC res[0] = (AdcRegs. ADCRESULTT1 ); //Ua
ADC res[1] = (AdcRegs. ADCRESULT3 ); //Ub
ADC res[2] = (AdcRegs. ADCRESULTS ); //Uc
ADC res[3] = (AdcRegs. ADCRESULT?7); //Udc
ADC res[4] = (AdcRegs. ADCRESULTY ); //Ia
ADC res[5] = (AdcRegs. ADCRESULTI11);//Ib
ADC res[6] = (AdcRegs. ADCRESULT13);//Ic

}

AdcRegs. ADCTRL2.bit.RST SEQI =1; /I Reset SEQ1 set CONV to 0
AdcRegs. ADCST.bit.INT SEQ1 CLR =1;
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// Keskmiste arvutamine

Ua int = ADC res[0]-32768;
Ub_int = ADC res[1]-32768;
Uc int= ADC res[2]-32768;
Udc int= ADC res[3]-31768;
ia_int = ADC res[4]-32768;
ib_int = ADC res[5]-32768;
ic_int=ADC res[6]-32768,;
Udc int=Udc_int*(-1);

for (tmp1=1; tmp1<=9; tmp1++)

{

ADC dc_vector[tmpl]=ADC dc vector[tmpl-1];
b

ADC dc_vector[0] = Udc _int;
ADC sum=0;
for (tmp1=0; tmp1<=9; tmp1++)

{
ADC sum=ADC sum+ADC dc vector[tmp]l];

}

Udc=ADC_sum/10;

S = S+(Udc_ref-Udc)/Kint;
if (S>2) {S=2;} else {};
irefa=S*scale*Ua_int;
iretb=S*scale*Ub _int;
irefc=S*scale*Uc int;
1a=-1*scale*ia_int;
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ib=-1*scale*ib_int;

ic=-1*scale*ic_int;

if (irefa>=0 && ia<=irefa)

{ EPwmIRegs.CMPA half. CMPA = opened,

EPwmIRegs.CMPB = opened;

else

if (irefa<=0 && ia>=irefa)

{ EPwmIRegs.CMPA half. CMPA = closed;

EPwmIRegs.CMPB = opened;

else

{ EPwmIRegs.CMPA half. CMPA = closed;

EPwmIRegs.CMPB = closed; }

if (irefb>=0 && ib<=irefb)

{ EPwm2Regs.CMPA half. CMPA = opened,;

EPwm2Regs.CMPB = opened;

else

if (irefb<=0 & & ib>=irefb)

{ EPwm2Regs.CMPA half. CMPA = closed;

EPwm2Regs.CMPB = opened;
105



else

{ EPwm2Regs.CMPA half. CMPA = closed;
EPwm2Regs.CMPB = closed;}

if (irefc>=0 && ic<=irefc)

{ EPwm3Regs.CMPA .half. CMPA = opened,

EPwm3Regs.CMPB = opened;

else

if (irefc<=0 && ic>=irefc)

{ EPwm3Regs.CMPA half. CMPA = closed;
EPwm3Regs.CMPB = opened;

h

else

{ EPwm3Regs.CMPA half. CMPA = closed;
EPwm3Regs.CMPB = closed; }
// Clear INT flag for this timer
EPwmlRegs. ETCLR.bit.INT = 1,
/I Acknowledge this interrupt to receive more interrupts from group 3

PieCtrlRegs.PIEACK.all = PIEACK GROUP3;

return;

void Configure ADC(void)
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AdcRegs. ADCTRLI1.bit.SEQ CASC =1; // cascaded seqence mode 1

AdcRegs. ADCTRL3.bit. SMODE SEL =1; //simultanious mode of
conversations

AdcRegs. ADCTRL1.bit. CONT _RUN = 0; //Start stop mode. Stop after each
sequence

AdcRegs. ADCMAXCONYV.all = 0x000F; // Autoconvertion mode, 16

conv's on SEQ

conv.

conv.

conv.

AdcRegs. ADCCHSELSEQ1.bit. CONVO00 = 0x00; // Setup Pin Ua as 1st SEQ1 conv.
AdcRegs. ADCCHSELSEQI1.bit. CONVO01 = 0x01; // Setup Pinge Ub

AdcRegs. ADCCHSELSEQI1.bit. CONVO02 = 0x02; // Setup for Uc

AdcRegs. ADCCHSELSEQI1.bit. CONVO03 = 0x03; // Setup for Udc

AdcRegs. ADCCHSELSEQ2.bit. CONV04 = 0x04; // Setup for la

AdcRegs. ADCCHSELSEQ2.bit. CONVO05 = 0x05; // Setup Pinge Ib

AdcRegs. ADCCHSELSEQ2.bit. CONV06 = 0x06; // Setup for Ic
AdcRegs. ADCCHSELSEQ1.bit. CONV00 =0x9; // Setup Pinge Ua as 1st SEQI

AdcRegs. ADCCHSELSEQ2.bit. CONV07 = 0x07;

AdcRegs. ADCCHSELSEQ3.bit. CONVO08 = 0x08; // Setup for Ia

AdcRegs. ADCCHSELSEQ3.bit. CONV09 = 0x09; // Setup Pinge Ib

AdcRegs. ADCCHSELSEQ3.bit. CONV10 = 0x0A; // Setup for Ic
AdcRegs. ADCCHSELSEQI1.bit. CONV00 = 0x9; // Setup Pinge Ua as Ist SEQI

AdcRegs. ADCCHSELSEQ3.bit. CONV11 = 0x0B;

AdcRegs. ADCCHSELSEQ4.bit. CONV12 = 0x0C; // Setup for la

AdcRegs. ADCCHSELSEQ4.bit. CONV13 = 0x0D; // Setup Pinge Ib

AdcRegs. ADCCHSELSEQ4.bit. CONV 14 = 0x0E; // Setup for Ic
AdcRegs. ADCCHSELSEQ1.bit. CONV00 = 0x9; // Setup Pinge Ua as 1st SEQI

AdcRegs. ADCCHSELSEQ4.bit. CONV15 = 0x0F;

AdcRegs. ADCTRL2.bit EPWM_SOCA_SEQI = 1;// Enable SOCA from ePWMA to

start SEQ1
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AdcRegs. ADCTRL2.bit.INT ENA SEQI =0; // Disable SEQI1 interrupt (every
EOS)

AdcRegs. ADCREFSEL.bit.REF SEL = 0; // sisene ref pingeallikas

AdcRegs. ADCTRL1.bit.CPS = 0; // perapheral clock divider

AdcRegs. ADCTRL3.bit. ADCCLKPS = 3; // adc clock prescaler
return;

}
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