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ABSTRACT

SWITCH MODE CONVERTER BASED DAMPING OF PWM CONVERTER
WITH LCL TYPE FILTER FOR GRID INTERFACE OF RENEWABLE ENERGY
SYSTEMS

Usluer, Sebahattin Nadir

M.S., Department of Electrical and Electronics Engineering
Supervisor: Assoc. Prof. Dr. Ahmet M. Hava

December 2014, 214 pages

This thesis involves design and simulation for switch mode converter based damping
of three-phase LCL-filtered PWM converter widely used for grid-interface of
renewable energy systems. The study involves the resonance damping of high power
voltage source converters connected to the grid via LCL filters. The design is
verified by means of detailed computer simulations. The study considers eliminating
the resonant harmonics which results in overvoltage/current stresses and leads to the
failure of the converter. Several power ratings and operating conditions are
considered to provide a thorough performance evaluation of the designed system.

Keywords: Grid-connected VSC, PWM, two-level VSC, LCL filter, resonance of
LCL filter, switch mode converter, filter damping, active damping, passive damping,

wind energy



0z

YENILENEBILIR ENERJi SISTEMLERININ SEBEKE ARAYUZU ICIN LCL
TiPi SUZGECLI PWM CEVIRICININ ANAHTARLAMALI CEVIRICI TEMELLI
SONUMLENDIRILMESI

Usluer, Sebahattin Nadir

Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Do¢. Dr. Ahmet M. Hava

Aralik 2014, 214 sayfa

Bu tez, yenilenebilir enerji sistemlerinin sebeke arayiiziinde kullanilan {i¢ fazli, LCL
tipi slizgegli darbe genislik modiilasyonu (DGM, Pulse-width Modulation, PWM)
ceviricisinin tasarimini ve ayrintili benzetim ¢aligmalarini icermektedir. Bu ¢alisma,
yiiksek giiclii, gerilim kaynakli geviricilerin LCL tipi siizge¢ lizerinden sebekeye
baglanmasi durumunda olusan rezonansin anahtarlamali c¢evirici temelli
sonlimlendirilmesini igerir. Tasarim c¢aligmalari, ayrintili bilgisayar benzetimleri
aractyla dogrulanacaktir. Bu calismada ceviricinin arizalanip devre disi kalmasina
yol acan yiiksek gerilim/akim streslerinin kaynagi olan rezonans harmoniklerinin
soniimlendirilmesi ele alinacaktir. Bu ¢alismada, tasarimi yapilan sistemin
tamamiyla eksiksiz ve kapsamli bir bagarim degerlendirmesini sunabilmek amaciyla

cesitli gii¢ degeri ve farkli ¢calisma kosullar1 g6z 6niinde bulundurulacaktir.
Anahtar Kelimeler: Sebekeye baglh GKE, DGM, iki seviyeli GKE, LCL siizgeg, LCL

slizge¢ resonansi, anahtarlamali ¢evirici, silizgeg¢ soOnlimlendirmesi, aktif

sonlimlendirme, pasif sonlimlendirme, riizgar enerjisi
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CHAPTER 1

INTRODUCTION

1.1.  Background and Motivation

Wind power is a clean, free, and fast growing renewable energy source which has
been used in windmills to grind grain, wind pumps to extract groundwater, and
transportation using ships for centuries. After the discovery of electricity, wind
power ceased to be a local energy source instead it became an energy source that can
be transferred to distant areas. Nowadays, small residential or utility scale wind
generation has turned out to be very popular so as to minimize the dependence of

electricity production on fossil fuels.

An increased investment in wind power generation is seen from the global
cumulative installed wind capacity in Figure 1.1 [1]. The cumulative installed
capacity increases with an average growth rate of 26.2%/year, although the growth
rate of 2013 is only 12.5%. The total installed wind capacity is almost 318 GW by
the end of 2013. Moreover, global installed wind power capacity will double in five
years according to Global Wind Energy Council (GWEC). Besides, governments
encourage the investors by supplying grants, reducing taxes, and paying higher
prices for the electricity produced from renewable energy sources. The reduced
installation cost of wind turbines (WTs) over time is also very attractive.

Despite the upward trend in wind energy production, the technology used in wind
turbines is not unique. A variety of designs both in control of WT and in power
conversion are utilized. This makes WTs and wind energy conversion remarkable
application areas. The number of academic publications on wind energy conversion

and control has also increased recently due to enlarged interest on wind power.
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Figure 1.1 Global cumulative installed wind capacity (source GWEC)

Figure 1.2 demonstrates the block diagram of a WT. The conversion of wind power
to the utility scale electric power is summarized with the presentation of major
equipments used in WTs. The kinetic energy of the wind is converted to mechanical
energy and subsequently to electrical energy by electrical generators whose rotor is
connected to the blades via a mechanical shaft. The use of gearbox providing a
transition from low speed to high speed is optional depending on the design of the
generator. The conversion of varying frequency electric power to the fixed
frequency utility interface is achieved using power electronics converters. Generator
side converter and the grid side converter act together to convert the unregulated
power at the generator terminals to well-regulated utility scale power. Mostly, the
connection to the utility is exerted via step-up transformers. Specifically for wind
turbines, the power electronics converter systems are named as wind energy
conversion systems (WECS). In addition to WECS control, pitch angle of the blades

is also controlled for regulation of the wind power at high wind speeds.

The use of grid-connected pulse-width modulation (PWM) voltage source inverters
(VSIs) has been increasing in recent years. Especially for WECS, design economics
and controllability of the system are two main factors to select the proper topology
for the application. The back-to-back inverter based direct energy conversion

systems meet the industrial standards and provide cost effective solutions. The most



adopted topology on the market is still two-level; although, a trend towards
multilevel inverters to manage the increasing power levels is observed for wind
turbines [2]. The power rating of wind turbines typically starts from 500kW and

increases up to several megawatts.
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Figure 1.2 Block diagram of a typical wind turbine

Grid side harmonic filters are used at the output of the VSIs to achieve a satisfactory
attenuation of switching ripples. The vast amount of PWM ripple at the carrier
frequency and its multiples with the sideband harmonics in the inverter’s output
current is removed via grid side filters; hence, total harmonic distortion (THD) value
of the grid current is minimized. Modern power electronic converters use LCL filters
which are clearly superior to standard L filters in terms of size, weight, dynamic
response, and PWM ripple reduction [3]-[8]. In Figure 1.3, the well-known two-
level PWM-VSI topology with grid connection via an LCL filter is illustrated.
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Figure 1.3 Two-level PWM-VSI connected to the grid via LCL filter

Despite the advantages of LCL filters, a resonance problem affecting the stability of
the overall system constitutes a major issue which has to be dealt with. LCL filters
are high order low-pass filters with first-order characteristics at low frequency range.
The frequency characteristic of an LCL filter is shown in Figure 1.4.
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Figure 1.4 Inherent resonance problem of LCL filter



At the resonant frequency defined in (1.1), the ideal LCL filter behaves as an infinite
gain amplifier for the harmonics excited by the inverter or grid originated
harmonics. These undesired harmonic components at the resonant frequency should
be suppressed to avoid overvoltage/current stresses and failure of the inverter.
Therefore, the LCL filter should be damped with proper damping methods in order

to operate safely.

1 |Le+1L,
2T LCLng

fres = (1.1)

For high power systems, the efficiency of the grid side converter is very important.
The switching frequency of the converter is limited to a few kilohertz in order to
decrease the switching losses of the semiconductors hence increase the efficiency.
However, passively damping the LCL filter’s resonance by inserting resistive
elements into the filter produces undesirable losses which may increase up to 2% of
the converter’s rated power. The losses are converted to heat and the cooling

expenses of the converter raise. Besides, the efficiency target is not satisfied.

On the other hand, the low switching frequency of the converter reduces the
controller bandwidth considerably. Therefore, the resonant frequency of the LCL
filter and the switching frequency get closer. Actively damping the LCL filter’s
resonance via additional voltage/current feedback from filter capacitor or via
complex state observers is not applicable due to limited phase margin of the

controller.

Despite the resistive losses produced by passive damping, the resonant frequency of
the LCL filter should be suppressed properly using passive damping as the simplest

and generally applied solution for high power systems.

1.2.  Scope of the Thesis

Resonance damping methods of LCL filter are primarily investigated in this thesis.

The design of LCL filter and control of multi-megawatt grid side converters are also



stated throughout this study. As alternative to classical damping methods, two novel
damping methods based on switch mode converters are presented and analyzed
deeply. The comparison of damping methods soon to be mentioned is given to
present a complete analysis on the resonance damping of LCL filter.

Resonance damping methods can be classified into four main categories: natural
damping (ND), passive damping (PD), active damping (AD), and switch mode
converter based damping (SMCD). Various studies proposing the abovementioned
damping solutions have been conducted in the literature [4]-[11]. ND approaches
using the converter side current feedback are applicable for small power rated
inverters up to several tens of kilowatts [6], [8], [9]. Medium power inverters up to
several hundred kilowatts with LCL line filters can be damped using AD methods
[5], [9]. AD methods employ a modified current regulator via an additional feedback
from the filter capacitor not to excite any harmonics around the resonant frequency
owing to the high PWM carrier frequency. Nonetheless, applications involving
multi-megawatt inverters allow only a few kilohertz switching frequency in order to
reduce the semiconductor losses hence increase the efficiency. Consequently, the
controller bandwidth is limited and the resonant harmonics cannot be controlled (or
suppressed) using AD. PD methods are valid for inverters having both small and
high power ratings [7], [10]. However, the losses due to PD resistors can exceed 1%
of the inverter’s rated power [4] and reduce the efficiency significantly. At this
point, the use of SMCD methods comes in to discussion. Auxiliary PWM converters
and reactive components can replace the damping resistors by reducing power losses

extensively while maintaining the stability of the overall system [11], [12].

The switching frequency is a limiting factor on the efficiency target of the WECS.
Figure 1.5 (a) illustrates the variation in the efficiency against switching frequency
in 1 kHz - 5 kHz range for a 1 MW grid side converter. The losses due to
semiconductor switching and conduction possess the majority of the losses. Apart
from the semiconductor losses, the losses due to grid side filters present an important
portion. Figure 1.5 shows the efficiency results obtained only by calculating the

semiconductor losses and obtained by calculating both the semiconductor losses and



grid side filter losses. The selected converter topology is two-level and the applied
PWM method is space vector PWM (SVPWM). The gate resistances are selected as
default values of the loss calculating software whereas the modulation index and
power factor are selected according to the specifications of the wind energy
conversion given in the following chapters. At full load condition, 0.5% of the
system’s rated power is lost on the filter elements [13]. By assuming the filter losses
constant against the frequency, approximate efficiency results are shown. Similar to
Figure 1.5 (a), the variation in the efficiency against switching frequency in 1 kHz —
5 kHz range for a 3 MW grid side converter is shown in Figure 1.5 (b). It should be
noted that the efficiency curves given in Figure 1.5 does not count for the passive
damping losses. The calculation of passive damping losses and the effect of passive

damping on the system’s efficiency are presented in the subsequent chapters.

By observing the efficiency reduction due to increased switching frequency, it can
be inferred that each WECS design must have a predefined efficiency target. For
multi-megawatt systems, this target is set as high as 98-99% since the losses beyond
1-2% of the system brings extra cost in cooling and design. Selecting the switching
frequency close to 2 kHz for the 1 MW system and around 1 kHz for the 3 MW

system leads to enhanced efficiency rating hence decreased losses.

Due to limited switching frequency of high power systems, resonance damping is
ensured by passive damping elements. The increased losses due to passive damping
are not desired; therefore, innovative damping methods shall be applied. Design and
control of novel SMCD methods are investigated in this thesis. Two distinct
topologies are examined: transformer-coupled SAF (TC-SAF) based damping and
directly-connected SAF (DC-SAF) based damping. A detailed analysis of these
methods in terms of steady-state THD and efficiency ratings, dynamic performances,
and power ratings is presented. As 3 MW being a common power rating in the wind
energy market [14], SAF compensated 3 MW inverters are investigated in this study.
Besides, resonance damping methods presented in this study are compared and
contrasted on 1 MW PWM-VSI to depict a thorough analysis.
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Figure 1.5 Efficiency variation of (a) 1 MW and (b) 3 MW converters vs. switching
frequency

1.3. Thesis Outline

This thesis consists of seven chapters. First chapter introduces the background and
motivation. The increasing use of wind turbines and development of power
electronics in wind energy conversion systems (WECS) are stated. The difficulties in

designing high power grid-connected converters are presented. The augmented use



of LCL filters for grid connection and the inherent resonance problem brought by

LCL filters are also stated in the first chapter.

Chapter 2 includes an overview of WECS and grid connection requirements of the
multi-megawatt wind turbines. Wind turbine (WT) topologies together with the
power conversion strategies are described briefly. Power quality issues and grid
codes specific to Turkish Wind Turbines Network Regulation are stated. Grid types
depending on the stiffness criterion and grid current harmonics regulation are
identified. Besides, commonly used power converter topologies in WTs are
investigated. The pros and the cons of each topology are pointed out clearly. An
expanded review on back-to-back connected converters is given. Requirements on
the power converters and determining factors for the converter topology are stated.
Literature review of the biggest manufacturer’s WT generators and WECS is
conducted. Technical data of IGBTs used in the designs throughout this thesis are
given. The cost and efficiency evaluation of the present WECS are stated and new

trends in WECS are discussed at the end of the chapter.

Chapter 3 presents a review on the hardware and controller design. Hardware design
based on the converter efficiency and converter optimization is stated. The
requirements of the converter are gathered and then the efficiency target is
determined. Switching frequency and DC-link capacitor selection are mentioned.
The mathematical model of the system is given and the behavior of the system is
observed. The design of grid side LCL filter and the control of grid side converter
are given. The main blocks of the controller are discussed. Space vector
transformations from three-phase to two-phase signals are reviewed. The grid phase
angle determination using phase locked loop (PLL) is stated. AC currents and DC
voltage control loops are examined together with the tuning of the controllers.

Moreover, the stability assessment of the system using pole-zero diagrams is given.

In the 4™ chapter, an overview of damping methods for power converters with LCL
line filters is given. Besides, advanced passive damping methods mostly used in high
power systems are examined. Switch mode converter based resonance damping

(SMCD) of high power, grid-connected, LCL filtered inverters are presented. The



need for alternative damping methods is described. The theories of two distinct
SMCD methods, namely transformer-coupled series active filter (TC-SAF) based
damping and directly-connected series active filter (DC-SAF) based damping are
investigated. Mathematical models of these methods are given and the frequency
responses are plotted. Moreover, control of the proposed damping methods is

discussed.

Chapter 5 deals with the detailed analysis of resonance damping methods based on
stability, power quality, dynamic response, and efficiency. The analysis is conducted
via computer simulations on a 3 MW system. The verification and detailed
performance analysis of SMCD methods are given. Dynamic load, grid current
THD, and efficiency analyses on a 3 MW system are clarified and two SMCD
methods are compared. The proposed methods are also verified on a three-level (3L)
3 MW system. Moreover, 3L 3 MW DC-SAF compensated system is performed

under distorted and unbalanced grid conditions separately.

The comparison of natural damping (ND), active damping (AD), passive damping
(PD), and novel switch mode converter based damping (SMCD) methods is
conducted on a 1 MW system via computer simulations in Chapter 6. Dynamic load
responses, grid current THD values for various load conditions, and total power
losses are compared and contrasted. Besides, the cost and efficiency evaluation of
these methods are established and a summary of the investigated damping methods

is given.

Finally, in the 7" chapter, the conclusion of the thesis is presented and future works

are stated.
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CHAPTER 2

WIND ENERGY CONVERSION SYSTEMS

2.1. Introduction

In conventional power systems, electric power supplied by large power plants is
transferred towards consumption centers over long distance transmission cables. The
quality of the power is continuously monitored by control centers to regulate the
power system. However, distributed generation systems including both renewable
and non-renewable energy sources such as wind turbines, photovoltaic generators,
wave generators, small hydro plants, and gas/steam powered combined heat and
power stations are being used nowadays. A wider use of renewable energy sources

in distribution networks are forecasted in the near future.

An increased attention on the wind energy conversion systems has led to significant
development on power electronics in the last thirty years. The wind turbine
technology started in the 1980’es with a few tens of kW power capacity and multi-
MW wind turbines are installed today. In the earlier works, the generators were
directly connected to the grid hence wind turbines were incapable of adjusting active
and reactive power and controlling the voltage and frequency. As the technological
improvements on power electronics increased, the need for a controlled interface
between the wind energy sources and the grid is satisfied. Therefore, the wind
energy is easily transferred to the power system by means of controlling active and

reactive power.
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2.2. Wind Turbine Concepts

Wind power is received by specially designed blades placed on top of a tower. In
modern wind turbines, the number of the blades is usually selected as three. The
rotational speed of multi-MW wind turbines is typically 10-15 rpm as the tip-speed
of the blades should be lower than half of the speed of sound. This means that the
rotational speed decreases as the radius of the blade increases. The low speed of the
blade is increased via a gearbox. The mechanical power is then converted to
electrical power by means of an electric generator as shown in Figure 2.1 [15].

Mechanical Power Electrical Power
Wind power
: Rotor Gearbox (optional Generator Power converter Supply grid
. (optional)
% . ’)I i Ik‘ Consumer
i Power conversion & Power fransmission Power canversion Power conversion & Power transmission
power control power control

Figure 2.1 The conversion of wind power to electric power in WECS [15]

Multi-pole generators may also be used to eliminate the gearbox; however, such
specially designed machines may not be effective in terms of cost. Figure 2.2
demonstrates the possible technical solutions of converting wind power to electrical
power having constant voltage and frequency [16]. In today’s wind turbines, the
power transferred to the grid can be controlled at high wind speed. The control can
be done either by active stall or pitch control. As the power generated is proportional
with the cube of wind speed, the wind turbine should be shut off to protect the entire
system when the wind power goes higher. The speed where the wind turbine stops
generating power is named as cut-out speed. Based on the speed control and power
conversion criteria, wind turbines can be classified into four groups: fixed speed
wind turbine, partial variable speed wind turbine, variable speed wind turbine with

partial-scale converter and variable speed wind turbine with full-scale converter.
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Figure 2.2 Possible technical solutions for WECS [16]

Figure 2.3 below shows the main parts of a typical variable speed wind turbine (WT)

with active stall control [17].
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Figure 2.3 Main parts of a wind turbine [17]
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2.2.1. Fixed Speed Wind Turbines

In this type of WTs, squirrel cage induction generators are connected to the grid via
transformers as shown in Figure 2.4 [18]. The frequency of the grid establishes the
rotational speed of the stator thus of the rotor. The speed of the generator is
determined by the pole pair number and the frequency of the grid. The speed

limitation may be set aerodynamically by stall control, active stall control or pitch

control.
By-pass
SCIG  — PCC
wind G AC —H— Transformer
— " e
Gear & o AC External
o oft-starter i
boX capacitor7f gnd
Bank

Figure 2.4 Schematic of a fixed speed WT with reactive power compensation and
soft-start features [18]

The very first WT were using this type of design. The reactive power demand from
the generator to the grid is supplied by a reactive power compensator, simply by
switching a capacitor bank in the case of a variation in production. A soft-starter is
also applied to provide a smooth operation. The variations in speed cause voltage
fluctuations at the output of the generator. Hence, the stiffness of the grid becomes

very important.

This type of WTs cannot be connected to weak grids and don’t support speed
control. The mechanical structure of the WT must be able to withstand mechanical

stresses resulting from wind draft and torque pulsations too.
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2.2.2. Partial Variable Speed Wind Turbines

The generator of a partial variable speed WT is connected to the grid through a
transformer as in the case of fixed speed WT. In this configuration, the speed can be
controlled partially by varying the rotor resistance connected to the rotor terminals
as shown in Figure 2.5. Above the synchronous speed, the rotor resistance is
controlled via power electronics; hence, the slip is changed. Due to variable slip, the
power transferred to the grid can also be controlled typically up to 10% of the
synchronous speed. The capacitor bank provides the reactive power needed by the

generator and smooth grid operation is performed by the soft-start circuit.

By-pass
WRIG -
= PCC
AC Transformer
W1 f'ld G ey I37) .{’.‘:IE?EZ
= @ _H_AC
Gear External
box 1z Soft-starter grid
Capacitor
Variable ¥ Bank

Resistance

Figure 2.5 Schematic of a partial variable speed WT with variable rotor
resistance [18]

2.2.3. Variable Speed Wind Turbines with Partial-scale Converter

A wound rotor induction generator is placed so as to convert mechanical power to
electrical power. A partial-scale power converter is connected to the rotor terminals
controlling the frequency of the rotor; hence, the rotor speed. This type of WT is
mostly known as doubly-fed induction generator (DFIG). Figure 2.6 shows a DFIG
wind turbine power schematic. The power rating of the converter is approximately

%30 of the generator’s nominal power [18].
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The speed range of the WT is typically +30% around the synchronous speed. The
speed of the rotor is widely controlled and the reactive power compensation can be
handled by the converter. Besides, the resistive losses of partial variable speed WT
due to additional rotor resistances are eliminated. The small-scale power converter is
an attractive approach from the cost perspective. However, the use of slip-rings and

the fact that the DFIG-WT is prone to grid faults are the main disadvantages.

DFIG

Transformer
wind G PCC

Gear S
Box QA % External
C grid
Partial-Rating
Power Converter

Crow-Bar

Figure 2.6 Schematic of a variable speed WT with partial-scale converter [18]

2.2.4. Variable Speed Wind Turbines with Full-scale Converter

In this configuration, the generator is connected to the grid through a full-scale
power converter as shown in Figure 2.7. The gearbox is optional due to the fact that
direct driven multi-pole generators may be used. The converter operates along the
whole speed range smoothly and provides the necessary reactive power. The
generator may be selected as permanent magnet synchronous generator (PMSG),
wound rotor synchronous generator (WRSG) or squirrel cage induction generator
(SCIG).

This type of WT is designed to provide maximum efficiency over a wide range of

wind speed. The rotational speed of the wind turbine is matched to the wind speed

16



thus the ratio of the tip speed is kept constant, tracking the maximum power
efficiency. The changes in wind speed are absorbed by the generator speed

variations; hence, the generator torque is kept constant.

SCIG
n WRSG / PMSG PCC
Transformer
wind {“'.u-- %{_ﬁ,‘@ 4
:3%";::' C . t,,. l
GearBox/ Full-Rating X t:i:jna
U Gearless Power Converter g

Figure 2.7 Schematic of a variable speed WT with full-scale converter [18]

The mechanical stresses on shaft and gearbox are reduced, power transferred to the
grid is increased and acoustical noise is reduced by planting variable speed WTs
rather than planting fixed speed WTs. The behavior of variable speed WTs with the
full-scale converters during grid events are more preferable to that of variable speed
WTs with partial-scale WTs. Moreover, this type of WTs can support 100% reactive
power injection to the grid during faults which is required by some TSOs.

2.3.  Grid Connection Requirements

The main parts of a power supply system are power generation units, grid, and loads.
The energy demand imposed by the customer is met by the power supply system
whose size depends on the generated, distributed, and consumed energy. Generally,
the grid is divided into two parts: transmission (high-voltage) and distribution
(medium- and low-voltage). The grid transmits energy from power generation plants
to the distribution networks while the energy is distributed from the grid or small

scale power generation plants to the end users by distribution networks.
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The power generators should produce power at a cost efficient price while the
transmission and distribution companies should form and specify power station
requirements, plan further development of the grid, balance the requirements on
different types of plants and ensure the power system properties in order to achieve
reliability, quality, and safety of the power supply system at an economical price.
The power system specifications must be defined to understand the abilities and
characteristics in the power input for better operation and control of the power
system. Therefore, various load conditions and disturbances are possible to be
controlled. As it is stated, the stability of the power system and the quality of the

power are main control aspects.

2.3.1. Power Quality

Power quality includes two aspects of power supply, the quality of the voltage and
the reliability of the supply. Voltage quality covers various disturbances like rapid
changes, flicker, unbalance, harmonics, transients, and dc components. Supply
reliability; however, includes long duration faults such as interruptions, voltage dips,
overvoltages, and frequency deviations.

Reliable electricity distribution with enhanced voltage quality has become a
fundamental issue due to the emergence of highly sensitive loads such as computers,
automation machines, and modern communication devices. The sensation of
reliability for the customers has also changed in terms of the outage times per year.
A reliable supply has nearly no outage times nowadays. The domestic and industrial
users may be affected owing to a few cycles of interruption or a voltage drop to less
than 90% [16]. The duration of voltage sags and swells and their total number in a
year is getting more and more important rather than the cumulative outage times in a

year.

The standard, EN 50160 [19] describes the low-voltage grid characteristics with the
variations in the supply voltage. The disturbances affecting the customers can be
classified according to [16] in Table 2.1 below. The origins of these disturbances

and their possible consequences are also shown in the same table.
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Table 2.1 Categories, typical characteristics, origins, and consequences of variations
in the supply voltage

Typical Characteristics

Category Spectrum Duration | Magnitude Origin Consequences
Impulsive 5ns-0.1ms  |50ns- > 1ms| < 6kV Failure of
Transients Lightning strike or| insulation and
Oscillatory |< 5kHz-5MHz| 5us-0.3ms | 0-4 p.u. switching reduced lifetime
of windings
Direct short-
circuit, Disconnection of
Interruptions 10ms — 3min,| <1% disconnection, .
L equipment
false tripping or

load shedding

ShOIt-CITCUIts OF | 1y, o nection of
Sag 10ms — 1min,| 1-90% start-up of large ,
Short sensitive loads
duration motors
L Earth fault, shut .
variations Ageing of
down of large . :
. loads, lightning . msulatl(_)n,
Swell 10ms — 1min,| 110-180% Lo disconnection or
strike or incorrect
A damage of
setting in sub- equipment
stations quip
Rapid voltage not defined >+5%
changes
Long Undervoltage >1min. 80-90%
duration Overvoltage >Ilmin. | 106-120%
variations
Voltage unbalance stationary 0.5-2%

Geomagnetic Saturation of
disturbance, half- | transformer cores,
wave rectification,| heating, reduced

DC offset n=0 stationary 0-0.1% volta_ge setting on lifetime in
iron core transformers and
equipment or [|electrolytic erosion
short-circuits close| of grounding
to the generators equipment
Nonlinear loads,
resonance, Overheating and
Curve Harmonics n=2-40 stationary 0-20% transformer failure of
Distortion saturation or equipment
notches
. Disturbance on
Static frequency l .
Inter- . converters POWer fIne carrier
. 0-6kHz stationary 0-2% ' signaling and
harmonics cycloconverters or | .. Lo
. - flicker in display
arcing devices devi
evices
Notches stationary
Noise broadband stationary 0-1%
S|gr_1al_ < 148kHz stationary 0.09%
transmission

Arc furnaces,

sawmills, welding, Ageing of
Voltage fluctuations < 25kHz intermittent | 0.2-7% wind turbines, |insulation, function
start-up of large failure

motors
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Table 2.1 (continued) Categories, typical characteristics, origins, and consequences
of variations in the supply voltage

Typical Characteristics
Spectrum Duration | Magnitude

Category Origin Consequences

Mismatch of
dynamic balance
between load and
generators, faults

on the transmission| Failure of function
50Hz < 10s 1% system, in electronic
disconnection of equipment
large loads or large
source of
generation going
offline

Power frequency
variations

In order to define the real power quality issue, the categorized voltage variations in
the above table are used. Since the nature of the load and the demand of the
customer have changed recently, the TSO should be aware of these disturbances.
The TSO is therefore forced to take some precautions to secure improved reliability

and superior voltage quality.

Reactive power is not defined as an independent power quality constraint owing to
the definition of voltage as the power quality indicator. As reactive power is directly
related to the amount of losses in the power network, the size of power transformers
and generators, it can be evaluated by considering the causes of large reactive power
in the grid. Large voltage drops in the network due to increased reactive power leads
to inferior voltage quality; hence, the voltage fluctuations can be regarded as a direct

consequence of the reactive power and treated as in Table 2.1.

Having mentioned about the definition of power quality and categories of voltage
disturbances, the equipment used to improve the power quality shall be stated. The
equipments used on the distribution level (up to 34.5 kV in Turkey) are called
Custom Power Systems (CUPS) whereas equipments used on the transmission level
are called Flexible AC Transmission Systems (FACTS). These devices can be

classified in three main groups:

e On/off apparatus, switches,

e Stepwise controllable apparatus,
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e Continuously controllable apparatus.

On/off apparatus is used to switch the voltage between two different sources and is
generally installed at industrial and commercial plants. Electromechanical switches
are replaced with solid state switches such as GTOs since the time required for
switching takes from 1 to 10 seconds for electromechanical switches. The sensitive
devices may be affected by the voltage sags and swells due to slow response of
electromechanical switches. Semiconductors are also used for fault current limiting
and breaker applications where the reduction of voltage sags or the transfer between

asynchronous sources is needed respectively.

Stepwise controllable apparatus is similar to Static VAR Compensator (SVC). It
regulates the voltage by using an electronic controlled voltage tap changer or by
using stepwise-coupled capacitor banks. Semiconductor switches are preferred

instead of mechanical switches in small power systems.

Continuously controllable apparatus typically contains a VSC connected to the grid
via transformers. The topology used for the converters can be shunt or series and the
semiconductors used in the power block are mostly IGBTs or IGCTs. Shunt devices
inject current to the grid at the Point of Common Coupling (PCC). Different types of
disturbances are compensated using a variety of shunt-connected apparatus, namely:
SVC, Static Synchronous Compensator (STATCOM), and Active Harmonic Filter
(AHF). Series-connected devices injects voltage between the source and the load
with a phase lag or lead property. Dynamic Voltage Restorers (DVRs) are the mostly
used types of series-connected power quality improvement devices. Shunt devices
are used for regulating the grid current, while series devices are used for

compensating voltage disturbances occurring on the load.

The combination of shunt and series devices is named as Unified Power Quality
Conditioner (UPQC) and used for both the regulation of grid current and load
voltage at the same time.

Passive filter elements may also be connected together with the active compensators
to reduce the power flow through the semiconductors and reduce the switching and
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conduction losses. These types of topologies are called as hybrid compensators. If
the apparatus has an energy storage device, the voltage dips and voltage fluctuations

may also be compensated.

In order to define the disturbances in connection with wind turbines, measurements
and indicators are needed. The influence of wind turbines on the power quality and
measurement methods are described in IEC 61400-21 [20]. Measures for maximum
power, reactive power, voltage fluctuations, and harmonics are covered by this

standard.

By Fourier transform, the analysis of a signal can be done. The connection of a WT
to the grid via power electronics converter requires a spectrum analysis on the
harmonic content due to switching of the semiconductors. Ideally, complete
sinusoidal current and voltage at the grid frequency (50 Hz in Turkey) are sought;
however, the deviations from the ideal case are described in two different measures.
These are total harmonic voltage distortion (THDy) and weighted distortion factor
(THDw) expressed in (2.1) and (2.2) respectively. The power quality of the grid is

defined using the distortion measures of the voltage.

2

nU
THDyo, = Zh—Z(U_’:> .100% (2.1)

THDy, = \/ Zzz (h Z—’l‘)z (2.2)

where U, is the amplitude of the harmonics with “h” indicating the number of
harmonics (i.e. 2, 3, 4...). U,,,s denotes the rms value of the line voltage including

the harmonics.
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IEC 61400-21 addresses other standards related to voltage and current harmonics as
well as electromagnetic compatibility (EMC). The voltage harmonics limitations are
set by EN 50160 together with the characteristics of the voltage disturbances as
stated previously. EN 61000-2-2 defines the EMC levels for low-voltage
applications. IEC 61000-3-6 is referred so as to indicate current harmonic distortion
limits whereas IEC 61000-2-2 defines the current inter-harmonic distortion limits.
As the supportive standards, IEC 61000-4-7 and IEC 61000-4-30 are used for
measuring methods on harmonic emissions. On the other hand, IEEE-STD-519 is a
well-known standard not only for wind turbines but also for all kinds of electrical
power systems addressing recommended practices and requirements regarding the
harmonic control issue [21]. A general overview of the abovementioned standards

related to WECS is shown elegantly in Figure 2.8.

IEC 61400-21
v v v v v
IEC 61000-2-2 IEC 61000-3-6 EN 50160 EN 61000-2-2 IEC 61000-4-7
Limitations on Limitations on Limitations on Electromagnetic +
current current voltage compatibilit
harmonics interharmonics harmonics P y IEC 61000-4-30

Measuring methods on
harmonic emissions

Figure 2.8 Harmonic standards for grid integration of WTs

The process of designing an appropriate power converter is a key element to comply
these severe standards. Apart from the power converter, active or passive filters are
required for reducing the current harmonics injected to the grid. The frequently used
LCL filter should also be designed according to grid codes set by the TSO. The
compatibility of the WECS to the current harmonic distortion limits is mainly sought

in the next chapters as a performance criterion.
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The voltage disturbances tabulated in Table 2.2 shall be expanded in terms of the
harmonics. The following table states the individual harmonic voltage components

up to 25™ component.

Table 2.2 Individual harmonic voltage values at the supply terminals as percent of
nominal voltage, U,

Odd Harmonics
Even harmonics
Not multiples of 3 Multiples of 3
Relative Relative Relative
Order h voltage (%0) Order h voltage (%0) Order h voltage (%0)
5 6 3 5 2 2
7 5 9 15 4 1
11 3.5 15 0.5 6...24 0.5
13 3 21 0.5
17 2
19 1.5
23 15
25 15

According to IEC61400-21, WTs directly connected to the medium-voltage (MV)
network through a standard step-up transformer should have a total voltage
harmonic distortion, THDyy, less than 5% including all harmonics up to 50" order,
measured as 10 minutes average data at the HV-side of the step-up transformer. It
should be noted that the harmonics below 0.1% of the value of U; shall be neglected.
Additionally, THDyy, value should be less than 5% on power lines below 69 kV
according to IEEE-STD-519.

For variable speed wind turbines, the measurement of current harmonics is important
according to IEC 61400-21. Fixed speed WTSs; on the other hand, does not contain
power electronics converters. The generators are directly connected to the grid. The

limits of the harmonic currents injected to the grid are given in IEC 61000-3-6.

The converters utilized in WTs are mostly of medium and high power with at least

hundreds of kilowatts power rating. The switching frequency is therefore limited to
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only a few kilohertz. The connection of individual wind turbines to form a wind park
may cause the superposition of the harmonics. Since the operating points and the
phase angles of each WT are not the same, the worst case summation of harmonic
components is not likely. The value of the current THD should be less than 6-8%
depending on the type of the grid. The calculation of harmonic distortion factor for a
group of WTs connected in the same grid is somewhat dissimilar to the equation in
(2.1) replacing the voltage, U with the current, 1. Low order harmonics are more
important than higher order harmonics regarding the contribution to the current
distortion factor. Inter-harmonics and high frequency harmonic components are also

calculated with the same equation.

The current harmonic values allowed according to IEEE-STD-519 depend on the
grid type. The short-circuit ratio (SCR) is an important criterion to select the range
of harmonic values correctly. For this reason, the understanding of IEEE-STD-519 is

left for the oncoming sections.

2.3.2. Demands to Grid Connection

The requirements for the penetration of the wind power into the electrical network
are set such that wind farms act as an ordinary power plant. These requirements are
very stringent to ensure controllability, power quality, fault ride-through capability,
and grid support during network disturbances [22]. In the following, some of these

severe conditions are explained briefly.

WECS shall be controlled within the 20%-100% power range of its rated power by
the TSO. For WECS rated up to 100 MW, the load acceptance rate of the system
should not exceed 5% and the load reduction rate of the system should not be below
5%.

WECS should be able to control the active power in the PCC within their power
range. The active power control is typically carried out when the system frequency is
changed. The power control curve against frequency variations for Turkish Wind
Turbines Network Regulation [23] is shown in Figure 2.9. Between 47.5 Hz and
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50.3 Hz the WECS should be able to supply its rated power to the grid. If the grid

frequency increase beyond 50.3 Hz, the power delivered to the grid is reduced.

%100

L e T

Rated power of the WECS

f{Hz)

T 1
475 50 50.3 515
Frequency at the PCC

Figure 2.9 Power control characteristics of a WECS

The reactive power output of a WECS should also be controlled in a given range.
The grid codes define the region of reactive power control. The rate and the level of
reactive power exchange with the grid are controlled by the transmission system
operator. In Figure 2.10, the graphical illustration of reactive power control in
Turkey is shown. The figure on the left describes the reactive power allowed as the
percentage of the active power and the figure on the right addresses the same issue
based on the power factor of the WECS.

lagging

leading d! lagging

40 -30 -20 -10 10 20 30 40 08 085 09 0.95 095 09 0.85 08
Q [%] Power Factor

Figure 2.10 Reactive power exchange for WECS in the PCC in Turkey
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The given reactive power demands shall be satisfied depending on the voltage values

given in Figure 2.11 below.

U, utility voltage (p.u)
1,1

A0S TS

0,95

0,9
leading lagging

100 80 Q, reactive power (%) 80 100

Figure 2.11 Reactive power exchange against utility voltage

The current due to reactive power flow results in voltage drop and causes power
losses. If the amount of reactive current increases, it may cause voltage instability
due to voltage drops in the transmission line. WTs with induction generators
consume reactive power; hence, PWM converters are used to minimize power losses
and to increase the voltage stability resulting from the reactive power consumption.
As it is known, PWM converters can satisfy unity power factor owing to the

controllability of the currents flowing through the utility.

During the normal operation of WTSs, voltage dips may occur and the clearance time
of the dips may be small enough that the WECS recovers the fault. Such an ability of
the system is called fault ride-through capability. For the Turkish Wind Turbines
Network Regulation, WTs connected to the grid should satisfy the demands given in
Figure 2.12. In regions 1 and 2, WECS should stay connected to the grid as voltage

dips occur in one of the phases or in all phases.
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Figure 2.12 Fault ride-through capability of grid-connected WTs [23]

After the fault is cleared, the WECS should power up to the full rating with 0.2 p.u.
of its rated power in every second if the voltage dip is in regionl. On the other hand,
the WECS should increase the delivered power to the grid with 0.05 p.u. of its rated

power in every second if the voltage dip is region 2.

Voltage fluctuations between 0.9 p.u. and 1.1 p.u. are accepted as normal grid

operation and WECS should follow the reactive power support specifications.

2.3.3. Grid Types

Voltage drops on the grid are likely to happen due to harmonic currents flowing
through the grid. The disturbances resulting from the voltage drops are directly
related to the short-circuit power (SCC) of the grid. Even small amounts of load
change may disturb the grid voltage if the grid is not strong enough. Therefore, the
strength of a grid is very important for the connection of WECS. The main measure
assessing the stiffness of a grid is the short-circuit ratio (SCR) which is defined in

this section.

The power network can be analyzed by approximating it as a first order circuit. A
simple approximation of the grid is shown in Figure 2.13 below. SCC of the grid is
calculated as in (2.3) by short circuiting the load impedance, Zjoaq. The short-circuit
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grid current is calculated by dividing the grid voltage with the magnitude of the grid

impedance, Zjine as in (2.4).

SCC =3 . Vypia-Isc (2.3)
Vgrid
/i3 (2.4)
ISC N |Zline|
ZIine
— —
IIine PCC
& V1T Z4
o  —

Figure 2.13 First order equivalent of the grid

The SCR of the grid is then calculated as follows;

SCR = scc
s

n

(2.5)

where S;, is the installed capacity (apparent power) of the WECS.

Another important definition related to the grid measure is the short-circuit angle
defined in [20] as
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X
Voria = tan™ () 26)

Rline

where Xiine and Rjine denote the reactance and the resistance of the grid respectively.

The load voltage at the PCC can be described at steady-state conditions simply as in
(2.7) with Py is the active power production and Q; is the reactive power
consumption of the load. With this information between the grid and the load, the
voltage of the PCC can be estimated to check whether it is in the limits defined by
the TSO or not.

Rijne - P1 + Xijne -
VPCC — Vgrid _ line 1V line Ql (2.7)
grid

Having defined the basic properties of a grid, the various grid types are now
described briefly. In addition to the short-circuit ratio and short-circuit angle, two
important parameters to describe a grid are the voltage rating and the source type,
i.e. AC or DC. Grids can also be classified as transmission grid, distribution grid,
AC/DC grid, isolated grid, stiff grid or weak grid in terms of their featured

characteristics.

The grid is considered as weak if the SCR is less than 8-10 while the grid having
SCR higher than 20-25 is considered as stiff [24]. In other words, the higher the
SCR, the stiffer the grid is. Grids with a few WTs are connected can be seen as stiff
whereas the same grid may be characterized as weak if more WTs are attached to it.
The line voltage at the PCC of a weak grid is not stable when large wind power is
injected through it. Power quality devices mentioned in the previous section should

be connected in this case to regulate the voltage at the PCC.

IEEE-STD-519 which is also a compilation of recommended practices serving as a
guide to suppliers and consumers of electrical energy defines the current harmonics

allowed using the SCR of the grid. The current limits are set depending on the size
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of the consumer relative to the size of the supply. As the size of the consumer gets

bigger, the regulations become more stringent.

Table 2.3 demonstrates the maximum current distortion values as a function of SCR
and harmonic order. Total harmonic distortion levels are also shown in the same
table. The data given in Table 2.3 is defined relative to the maximum demand load
current. The distortion level is defined in terms of total demand distortion (TDD)

which accounts for the load change as opposed to THD.

Table 2.3 Current distortion limits set by IEEE-STD-519 [21]

For conditions lasting more than one hour. (Shorter periods increase limit by 50%)

Harmonic Current Limits for Non-Linear Load at the Point-of-Common-Coupling with Other Loads, for
voltages 120 - 69,000 volts

|Maximum Odd Harmonic Current Distortion in % of Fundamental Harmonic Order

||san |<11 |11<17 |17<23 |23<35 |35 |TDD
|<2o* |4 |2 |1 5 |O.6 |o.3 |5
|2o<50 |7 |3.5 |2.5 |1 |0.5 |8
|50<100 |10 |4.5 |4 |1.5 |o.7 |12
|100<1000 |12 |5.5 |5 |2 |1 |15

|>1000 |15 |7 |6 |2.5 |1.4 |20

Even harmonics are limited to 25% of the odd harmonic limits above.

*All power generation equipment is limited to these values of current distortion, regardless of actual
ISC/IL.

Where ISC = Maximum short circuit current at point-of-common-coupling.

And IL = Maximum demand load current (fundamental frequency) at point of common coupling.
TDD = Total demand distortion (RSS) in % of maximum demand

It should be mentioned that all the individual harmonic components cannot be at the

maximum limit and comply with the TDD rating at the same time.

The even harmonic limits are not shown in the above table. The limits for even
harmonics are set as 25% of the limit for odd harmonics within the same range. Even
harmonics are not invited as they lead to asymmetrical current waves and a DC

component saturating the magnetic cores may occur.
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2.4.  Power Converter Topologies

Wind turbines operate at various speeds; thus, the electric generators produce power
at a range of frequency. The changing frequency at the generator terminals should be
decoupled from the frequency of the grid which is constant. Power converters are
used to match with the grid frequency. For fixed-speed wind turbines, power
electronics devices are still used for soft-start purposes. Before the clarification of
some of the most important converter topologies, power electronic devices used in

earlier designs and modern WECS are introduced briefly.

The developments in the semiconductor devices have led vigorous changes in power
electronics. The reduction of semiconductor device prices continuously and the
increase of power capacity at the same package are main reasons for the growth in
power electronics mainly focusing on three important aspects: reliability, efficiency,
and cost. Power electronic devices have a decreasing cost by 2-5% each year for the
same output performance [25].The historical development of power semiconductors

are briefly shown in Figure 2.14 below.
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Figure 2.14 Development of power semiconductors in the past and in the future
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The invention of silicon controlled rectifiers (SCRs) also known as thyristors prior to
fully controlled switches was a major step in the development of power electronics.
Thyristors have a controlled turn-on via gate signals while turn-off is achieved via
commutation circuits. In the “on” cycle, thyristors behave as diode and the current
can flow through the device only in one direction. Conversely, thyristors can block
both negative and positive voltages in the “off” cycle. Later, the development of gate
turn-off thyristors (GTOs) made easier to turn the device “off” by removing

commutation circuits.

After the development of SCRs, bipolar junction transistors (BJTs) and metal oxide
semiconductor field effect transistors (MOSFETSs) are used as fully controlled
switches for low power applications whereas GTOs are used for high power
applications. The insulated gate bipolar transistor (IGBT) developed in 1980°s and is
still popular for low to medium power applications. New emerging technologies in
IGBTs surely sustain the importance of these devices in power electronic
applications. In late 1990’s insulated gate controlled thyristors (IGCTs) developed
for high power applications replacing GTOs.

The base material has changed recently from silicon to silicon carbide (SiC) which
enables higher power density in the same package. The cost of silicon carbide
devices is still not competitive with conventional silicon devices but in the near

future their price would decrease.

Power converters used for WECS have various topologies. For fixed speed WTs,
which are not installed nowadays soft-starters are used to limit transient currents
during the connection and the disconnection to the grid. Capacitor banks are also
used for power factor compensation in fixed speed WTs.

Diode rectifiers are used in old designs for the rectification of the generator’s output
voltage. Since diode rectifiers can operate in only one quadrant, they cannot be used

at fully controlled power conversion topologies.

Converter topologies with fully controllability of the generated voltage are

preferable for modern WTs. They can be used for partial-scale power conversion as
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it is stated in 2.2.3 or full-scale power conversion as in 2.2.4. Back-to-back PWM-
VSIs, matrix converters, tandem converters, multilevel converters, and resonant
converters are mostly implemented power converters. A short explanation of these

topologies is given and a comparison of them is stated below.

2.4.1. Back-to-back PWM-VSI

The back-to-back PWM-VSI consists of two conventional PWM-VSI and a DC-link
capacitor. This topology shown in Figure 2.15 provides bi-directional power flow.
Two-level VSI is a proven technology and power devices used are standard as

IGBTSs with higher power ratings are available.

Generator )j} E} )3 )j} Jj} )i} Grid

Filter Filter

Generator —t $— Grid
O = =
. v A

L s sus 0

Figure 2.15 Two-level (2L) back-to-back PWM-VSI [26]

DC-link voltage is boosted to a level higher than the line-to-line voltage of the grid
by the generator side converter to achieve full control of the grid current. Generator
side converter adjusts the magnetization demand and the reference speed while grid

side converter keeps the DC-link voltage and controls the AC currents.

Required DC-link inductance can be provided by the power cables from the
generator side converter to the capacitor. Grid side converters are installed at the
tower base instead of nacelle to reduce the weight at the top of the tower. This can

provide enough inductance to achieve a stable DC-link. For wind parks, DC
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transmission cables could be long enough to provide the needed inductance [26].
DC-link reactor is an intrinsic protector against short-circuit faults hence fault ride-
through strategy of the system required by the grid code can be implemented without
difficulty. It also reduces the filter size at the AC side since smaller filter
components can be used against harmonics flowing through the grid. A higher level
of DC-link current provides a faster dynamic response but fast transients can cause
power system instabilities. DC-link current is kept smaller at lower speeds for
variable speed operation of multi-megawatt applications. The output power of the

WECS is regulated such that the changes are rather slow.

For higher power ratings, three-level (3L) VSIs can be implemented offering lower
grid side THD, lower rating for semiconductors, and reduced semiconductor
switching losses. Nevertheless, the increased complexity in hardware design and
controllers and high conduction losses due to series-connected switches are the
drawbacks of 3L VSIs. The back-to-back connected 3L PWM-VSI topology for

wind turbine applications is shown in Figure 2.16.
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Figure 2.16 3L back-to-back PWM-VSI [26]

An alternative method to increase the power rating of the system is to use multi-cell

structures in which the power converters (cells) are connected in parallel or in
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cascade. The reliability of the system is increased since the system continues to
operate even if one or more cells fail. The modularity of this type of connection is
also advantageous for low wind conditions. The number of operating cells can be
reduced for low wind power hence decreasing the power losses and enhancing the
efficiency. A multi-phase machine connected to the grid via back-to-back PWM-
VSils is shown in Figure 2.17. The PWM patterns are shifted for each cell to cancel
the sideband harmonics. This allows lower harmonics on the grid side thus smaller

filter requirement.
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Figure 2.17 Back-to-back PWM-VSis fed by a multi-phase machine and connected
in parallel [26]

2.4.2. Tandem Converter

Tandem converter topology uses an active PWM-VSI harmonic filter for harmonic
distortion compensation. This converter is fairly new and based on current source

inverter (CSI). The topology of the tandem converter is shown in Figure 2.18.

36



A 1B 1y @
-~ 7
. {
N\

l l . Generator

Supply — 7 L‘
\

L]

Tl 0| [T
i
(&9}

Figure 2.18 Tandem converter topology [16]

There are four distinct inverters in the topology which brings several degrees of
freedom to controllers. The primary converter, the CSI is operated in square-wave
mode. In this mode the switches of the CSI are turned on and off once in each
fundamental cycle. The switches used in the CSI are GTOs or series-connected
IGBT and diode pairs. The secondary VSI operates at high switching frequency;
however, only the harmonic currents are processed by the VSI. By processing a
small fraction of total load current, the rated power of the PWM-VSI is reduced and
the efficiency of the system is enhanced. A well-defined control of both the main
CSl and PWM-VSI are stated in the references given in [16].

2.4.3. Matrix Converter

Matrix converter is a direct energy transfer method from the generator side to the
grid with no passive components in the power circuit. The power circuit is composed
of semiconductor bi-directional switches. The ideal matrix converter topology and
the bi-directional switch configuration are demonstrated in Figure 2.19. Matrix
converters have capability to control the power flow in both directions and suppress
input current harmonics. The input power factor can be fully controlled and the
energy storage is kept at minimum hence the bulky and lifetime-limited capacitors

are not required.
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Figure 2.19 Ideal matrix converter topology [16]

The filtering requirements of the matrix converter are lower than traditional indirect
AC-DC-AC energy conversion systems. The capacitive filters at the voltage-fed side
and the inductive filters at the current-fed side are inversely proportional with the

switching frequency of the converter.

Theoretically there are 512 combinations of switching schemes but only 27 of them
are applied to protect the converter. For protection of the converter, two or three
switches in the same leg are not allowed to be turned on at the same time and at least
one of the switches in a leg should be turned on at any instant. However, the actual

combination of switches depends on the modulation strategy applied.

2.4.4. Multilevel Converter

Since the invention of neutral point clamped (NPC) 3L converters, several multilevel
converter topologies have been presented. An increasing interest on multilevel
converters still continues especially for medium to high power, high-voltage WECS.
The elementary operation of a multilevel converter is to use a series connection of

power semiconductors with several voltage levels to convert the power by creating a
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staircase voltage waveform. The voltage ratings of power semiconductors depend

only on the voltages of multiple DC sources.

Multilevel converter topologies proposed up to now are plentiful and can be grouped
in three major structures: cascaded H-bridge converter, diode clamped converter,
and flying capacitor converter [27]. PWM strategies such as sinusoidal PWM
(SPWM), space vector PWM (SVPWM), and selective harmonic elimination PWM
(SHE-PWM) are developed on industrial motor drives, flexible AC transmission

systems (FACTS) as well as utility interface for renewable energy systems.

The abovementioned topologies for 3L converters are demonstrated in Figure 2.20.
In cascaded H-bridge topology, each DC source is connected to a single-phase full-
bridge (H-bridge) inverter. Each inverter can generate positive, negative rail (DC-
link) voltage or zero voltage at its output terminals. The output of each inverter is
connected in series to form a synthesized output voltage. Each phase of diode
clamped inverter; on the other hand, shares the common DC-link voltage and the bus
voltage is subdivided by capacitors. The voltage stress across each semiconductor

device is limited to the capacitor voltage level through the clamping diodes.
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Figure 2.20 Multilevel converters topologies for 3L converter a) Cascaded H-bridge
b) Diode clamped c) Flying capacitor
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The flying capacitor topology is very similar to diode clamped topology except that
capacitors are used instead of clamping diodes. The voltage level in each capacitor
differs from the adjacent capacitor. Moreover, the redundancy of flying capacitor
topology is better compared to diode clamped topology since a few switching

combinations are enough to form an output voltage.

2.4.5. Resonant Converter

The efforts to minimize the switching losses of power converters have led to the
proposal of various resonant converter topologies. Resonant converters are relatively
complex in both hardware and control, have voltage peaks in DC-link and output

voltage and high power flow through the resonant circuit.

The neutral clamped converter (NCC) topology shown in Figure 2.21; however,
does not suffer from the previously discussed drawbacks. The back-to-back PWM-
VSI and the resonant circuit in the middle are used. The resonance is achieved by
inductive energy transfer. The DC-link voltage is boosted to control the current from
the grid or supplied to the grid. The switches employed in the resonant circuit are bi-

directional as the switches used in the matrix converter.
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Figure 2.21 Natural clamped converter topology and the switch configuration [16]
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2.4.6. Comparison of Power Converters

The AC/AC conversion discussed in various topologies can be direct and indirect. In
the indirect case the DC-link connects two converters performing AC/DC and
DC/AC conversions, while in the direct case the DC-link is not present. The
decoupling provided by the DC-link compensates for non-symmetry and other
power quality problems whereas the lifetime is reduced and the expenses are
increased in the indirect energy conversion. The presence of a DC-link can be
advantageous in the case of low-voltage ride-through and in the case of a need for

providing some inertia in the power flow from the generator side to the grid side.

On the other hand, direct energy transfer topologies such as matrix converter does
not require transitional energy storage. The thermal loads of power semiconductors
decrease due to less switching losses and harmonic performance on the generator
side is improved. Nevertheless, higher number of active components, more complex
control, more complex grid side filter design, and non-proven technological

background are the main drawbacks of direct energy transfer topologies.

In terms of the applicability of the converter topologies to WECS, it is evident that
the back-to-back PWM-VSI is extremely appropriate since this topology is the one
used in today’s wind turbines. Moreover, the knowledge about PWM-VSIs available
in the field is widespread and well-defined. Before stating the advantages and
disadvantages of each topology, a general comparison regarding the components and

ratings, efficiency, harmonic performance, and implementation should be given.

The back-to-back PWM-VSI includes the least number of active components but a
moderate number of passive components. The matrix converter is composed of only
active components and the remaining topologies have a high number of both active
and passive elements. The number of auxiliary components such as transducers and
gate drives are high in tandem converters and NCCs. The output transformer may be
omitted in multilevel converters, which reduces the overall system cost. In the
literature, the efficiency evaluation is based on the conduction and switching losses.

The NCC has the highest potential efficiency level and the multilevel converter
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follows it. The harmonic performance of multilevel converters is superior to other
topologies since the requirements for filters are not so demanding. Considering the
implementation, back-to-back PWM-VSI, and multilevel converter topologies are
least troublesome since these are the most used commercial converters. The
advantages and the disadvantages of each topology are given briefly in the

following.

The back-to-back PWM-VSI is frequently used in the literature. For this reason,
manufacturers specially design and produce components such as IGBT stacks and
anti-parallel diodes to use in this type of applications. Consequently, the component
costs are reduced. Besides, the decoupling provided by the DC-link capacitor allows
independent control of the rectifier and the inverter parts. The boost inductance in
the DC-link also has a positive effect on the protection of the converter against
abnormal grid conditions and it reduces the grid side filter requirements resulting
from high frequency switching harmonics. The main drawback of the back-to-back
PWM-VSI is due to heavy and bulky DC-link capacitor. It also reduces the lifetime
and increases the cost of the overall system. The switching losses associated with the
grid side and generator side converters are considerably high and some EMI filters
shall be used at the grid side due to high switching speed.

Tandem converter may reduce the switching losses by 70% compared to
conventional 2L PWM-VSI due to low switching frequency of the primary converter
and low level current processed by the secondary converter. The conduction losses
increase due to increased number of semiconductors; however, the overall efficiency
is still increased. The performance of tandem converter is better than both CSI and
VSI since the magnitude of the current is controlled by the VSI and the phase shift
command is controlled by the CSI. The secondary converter can also emulate a
damping resistor for light load conditions other than compensating the current
distortions initiated by the primary converter. The high number of semiconductors
and auxiliary components bring more complexity both in hardware and software.

The generator voltage is also reduced due to CSI hence only 86.6% of the grid
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voltage is utilized [16]. Therefore, currents through the semiconductor devices have

to be increased in order to obtain the same output power.

The matrix converter reduces the thermal design complexity for low switching
frequencies compared to conventional PWM-VSI given that the semiconductors in
the matrix converter are equally stressed. The absence of a DC-link capacitor both
increases the efficiency and extends the lifetime of the system although six
additional switches are introduced in contrast to conventional PWM-VSI. The
intrinsic limitation of the output voltage to 86.6% of the input voltage is a
disadvantage of the matrix converter [16]. The current through the converter should
be increased by 1.15 times to give the same output power as in the case of tandem
converter. The increase in the current hence leads to ascending conduction losses.
The voltage unbalance or distortions at the input or unbalanced load conditions lead
to distorted input current and output voltages due to absence of a DC-link. The
protection of the matrix converter under faults is also troublesome which is not
desired for WECS.

Multilevel converters offer reduced input and output voltage harmonics and the EMI
ratings are reduced. The sizes of the filters both at the generator side and at the grid
side are reduced. For the same harmonic performance, the switching losses are
reduced which is another favorable property of multilevel converters. The
conduction losses are more than 2L converter; however, the switching losses can be
smaller by 25%. A disadvantage of multilevel converters is the unbalanced capacitor
voltages. The unbalance may be due to differences of capacitance values of real
capacitors, unequal dead-time compensation or unbalanced loads. This phenomenon
can be solved by hardware or software by controlling the modulation. The current
stress on semiconductors differs in the same leg of diode clamped and flying

capacitor topologies thus a design challenge occurs.

The resonant voltage of NCC topology is limited to the value of the DC-link. The
resonant circuit is not in the power part and only one resonant circuit is needed for
the AC/AC conversion. Although the conduction losses of NCC is close to PWM-

VSI, the switching losses are greatly reduced hence the overall efficiency is

43



increased. The reduced dV/dt rating provides lower EMI and lower output
inductance. Different modulation strategies shall be applied to reduce the harmonics
at the grid side. The design of resonant converters is more complex than PWM-VSIs
and additional components are required. The unbalanced voltages between
capacitors and the continuous resonant operation are other challenges regarding the

NCC topology.

2.5. Review of Back-to-back WECS

Modern WTs use either partial-scale or full-scale power converters with variable
speed operation. The use of full-scale power converters with back-to-back PWM-
VSI topology is advantageous due to better response to deal with grid related
problems [2], [3], [28], [29]. The voltage level; on the other hand, depends on the
type of the generator employed. Induction generators are often designed in low-
voltage (LV) range and synchronous generators can be implemented in either in LV
or medium-voltage (MV). Multi-pole generator which is also a synchronous
generator eliminates the use of costly and bulky gearboxes and provides a direct
connection. The development of PMSGs and multi-pole generators for wind turbine
applications increase the wind penetration percentage owing to the higher overall

system efficiency.

Figure 2.22 demonstrates the most common WECS topologies and the control
issues. The generator can be an induction generator (IG) with or without a doubly-
fed terminals or a synchronous generator (SG). The gearbox is not used when the
generator is designed as a multi-pole machine. Such a direct drive design decreases
the overall cost of the WT. The generator side converter is selected as PWM rectifier
to fully control the generator dynamics usually. For some old applications; however,
diode rectifiers which are unable to control the harmonics and lacking the maximum
power point tracking capability are used. The grid side converter works coherently
with the generator side converter. It regulates the grid currents through a low pass
filter with different filter topologies. The loads where the WECS is connected can be

a large power network, a local load or a micro-grid.
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Figure 2.22 A general design schematic of a WECS [26]

The WT topology investigated in this section is the back-to-back 2L PWM-VSI with
full power rating. The generator side converter is responsible for maximum power
point tracking and control of the DC-link voltage by employing flux-vector control.
The grid side converter on the other hand transfers the power from the DC-link to
the grid by controlling the amount of active and reactive power. This topology is a
four-quadrant converter; hence, the active and the reactive power can be moved

from the turbine to the grid and vice versa.

2.5.1. Requirements on the Power Converter

The grid side converter has a definite number of tasks as stated in the previous
section. While fulfilling the assigned tasks, the converter has to satisfy the
requirements specified by the designer/investor and the TSO. The efficiency of the
converter and the grid side harmonic extent are two important requirements that the
converter has to deal with. The initial cost, the failure rate, and the complexity of
design are other important criteria for power converters. The demands to power

electronics in a WT are summarized in Figure 2.23 [28].
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Figure 2.23 Demands to power electronics ina WT [28]

The measure of the grid side currents is the well-defined THD value which is found
as the ratio of the sum of the powers of all harmonic components to the power of the
fundamental frequency. Although grid codes are specified using the individual
current harmonics such as 5, 7", 11" etc., THD is a lot easier way of defining the
harmonic extent injected to the grid. The graphical implementations are also easier
to demonstrate. THD value can be reduced using passive or active filtering with
additional elements or using optimized pulse patterns in the controller. A closer look
on the filtering is given in the following sections.

The power conversion performance in terms of the losses produced by the converter
is measured by the efficiency value. Simply the ratio of the output power of the
converter to the input power gives the efficiency of the converter. Although 2L
PWM converter is the most adopted topology in the wind energy market, a trend
towards multilevel converters with MV connection is observed. By increasing the
voltage level, the current flowing through the semiconductors and filter elements are

reduced. Therefore, the efficiency level is boosted beyond 98-99%.

The initial cost of the converter depends on the price of semiconductors, passive

elements, voltage/current sensors, and electronic boards. Both the engineering and
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the technician’s effort to combine all the distinct elements of the converter should

also be included in the initial cost.

The voltage/current stresses and the reliability of the individual components are
determining factors for defining the failure rate of the converter. The comparison of
power semiconductors utilized in high power wind energy conversion applications is
stated in [28]. IGBTs are widely used in WECS applications; however, press-pack
technology offers a higher power density, enhanced cooling performance, and
reliability. Press-pack IGCTs are mostly used in oil and gas industry and they are
newly adopted in WECS. IGCTs offer to extend the use of 2L PWM-VSiIs for high
power applications. Generally, the design limitation of LV converters is around 3
MW. For applications from 3 MW to 7 MW, MV converters are adopted since
current limitations on the semiconductor devices do not allow to use single-cell LV

converters.

Design complexity is a relative issue addressing the controller and hardware design.
As the penetration of power electronics to the WECS increases, the topologies used
in the previous designs are updated or totally abandoned. Starting from thyristors-
based soft-starters and rotor resistance controllers, modern WECS employ back-to-
back power converters either in partial-scale or in full-scale. The most adopted
topology in the best-seller range, 1.5 MW — 3 MW for a WT is 2L back-to-back
PWM-VSI. The design of such converters is settled and the design complexity is
minimized. For multilevel converters or matrix converters emerging as power
converter solutions, the design complexity in the hardware is increased. On the other
hand, the control structure of multilevel converters is more or less the same for 2L or
3L converters; however, the number of switches increase and the capacitor balancing
problems arise for multilevel structures. The computational load and the number of
peripheral interface for matrix converters as well as multilevel converters increase.
The lower demands for the electronic boards may be an advantage for 2L converters.

The software implemented on the controller boards is also easier for 2L converters.

Apart from the abovementioned issues, the grid side converter should also control

the reactive power and satisfy a fast real power response. The full-scale power
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converters can deliver the reactive power up to full generator’s rating while partial-
scale power converters used in DFIGs can deliver the reactive power only at 30% of
the generator’s rated power. The dynamic performance of the grid side converter for

a step load change is investigated as a measure of fast real power response.

By considering the requirements on the power converter and the installed capacity of
the WT, converter topologies are described. In the next section, the topology of the
power converter is determined using the numerical data collected from the biggest

WT manufacturers.

2.5.2. Determination of the Converter Topology

The market shares of the biggest WT manufacturers according to BTM Consult are
given in Figure 2.24 below [30]. The research is based on the installed capacity of

wind power and conducted in 2014,
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Figure 2.24 Market shares of the WT manufacturers based on the installed capacity

The market leaders adopt different WT topologies each having advantages and

disadvantages. As the grid codes require full reactive power support, DFIGs have a
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limited use. The implementation of variable speed WTs with full-scale converters is
adopted. Enercon and Siemens use heavier and more expensive multi-pole
generators (MPGs) instead of externally excited wound rotor synchronous
generators (WRSGSs) or permanent magnet synchronous generators (PMSGs). The
benefit of using a multi-pole generator is the elimination of gearbox which costs
around 12% of the overall WT’s cost. The voltage for full-scale power converters
can be LV with 690 Vs or MV with a few kilovolts. In the near future, the voltage
level may increase suitably to get directly connected to the distribution network

without transformers.

The nameplate data of WTs and WT generators from various manufacturers [31]-
[40] are summarized in Table 2.4. The applications both in LV and MV are
considered. Among the tabulated generators, PMSG with 3 MW rating is highlighted
due to high efficiency and the wide use in WTs. The voltage level of the generator is
selected as 690 Vs to comply with the LV specifications. The efficiency level of

such machines is very high, approximately 98%.

The rated power of the WT is very important for the selection of the power converter
topology. The knowledge available for 2L back-to-back PWM-VSI is extensive.
Besides the robustness and the reliability of the topology is well-proven and the
number of semiconductors used in the hardware are fewer. However, 2L back-to-
back PWM-VSI topology suffers from switching loss phenomena as the power level
increases beyond 3 MW. For LV applications, switching devices should be
paralleled in order to obtain the required current level. On the other hand, switching
devices should be connected in series to satisfy the voltage rating for MV

applications. This, in turn, reduces the reliability and the simplicity of the converter.

Table 1l in [2] summarizes the commercially available WECS in the 1.5 MW — 3
MW range. The generators mostly operate at LV and the types of the generators are
mainly DFIG and PMSG. The power conversion is achieved using back-to-back
PWM-VSiIs either in partial-scale or in full-scale depending on the generator type.
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Table 2.4 Technical information on WTs and WT generators

Type Generator -
Manufacturer Number Type Voltage Power level Efficiency
AMK/L DFIG 690-1000 V up to 3.6 MW 97-97.5%
3-6 kV
690 V
ABB AMG PMSG 1KV 1.5 MW-3.6 MW 98%
690 V 0
HS PMG PMSG 33KV up to 7.9 MW 98%
Enercon E MPG - up to 7.5 MW -
GE i PMSG 690-14400V | upto 12.5 MW i
DFIG 690-15000 V up to 10 MW
SWT-6.0-
154 MPG 690 V 6 MW -
SWT-4.0-
130 SCIG - 4 MW -
WSO | scie : 3.6 MW i
Siemens
SW;;OB'& PMSG 690 V 3.3 MW -
SWISZ | PMsG 690 V 3.2 MW i
SW1T1'33'0' PMSG 690 V 3 MW -

Table 2.5 presents the technical data of ABB’s LV full-scale wind power converters
[41], [42]. The converter configuration can be either in-line or back-to-back. The
efficiency level and the THD value are same for all types. Liquid cooling is

preferred due to high power processed in an enclosed cabinet by the converter.

For instance, the generator is selected as 3 MW PMSG with 690 Vs line-to-line
voltage and the power converter shall be a 2L back-to-back PWM-VSI. The DC-link
voltage of the converter is usually set as 1070 V for LV applications. The grid side
converter has 6 switches each of them is constructed by paralleling two IGBTs due
to current limitation of single-pack IGBTs. The maximum current rating of the
commercially available IGBTs is 3600 A developed by Infineon, ABB, and Fuji.
The grid side current value of a 3 MW WECS is approximately 2500 Ays hence the
peak current rating is above 3500 A. Single-pack IGBTSs are not sufficient in terms
of current rating; hence, two 2400 A IGBTs are used in parallel. The IGBTs

available in the market with 1700 V voltage rating and 2400 A current rating are
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listed in Table 2.6 [43]-[46]. Among them, the IGBT of Mitsubishi Electric
(CM2400HCB-34N) is selected and used for the power loss analysis throughout this
study.

Table 2.5 ABB’s LV full-scale wind power converters

Converter model ACS800-77LC | ACS800-87LC | ACS880-77LC | ACS880-87LC
Converter type Full-scale (Permanent magnet / asynchronous generators)
Configuration In-line Back-to-back In-line Back-to-back

Power range 0.6-3.3 MW 1.5-6 MW 0.8-4.6 MW 1.5-8 MW
Cooling Liquid cooling with totally enclosed cabinet
Rated grid voltage 52510 690 V AC, 3 ph, £10%
Nominal frequency 50+3Hz/60+3 Hz
Efflc’lency at . > 96.5%
converter’s rated point
Grid harmonics
Total harmonic current Max 4%
distortion (n = 2 to 40)

Table 2.6 IGBT electrical characteristics

IGBT Mitsubishi Infineon Fuji ABB
Manufacturer
Tvoe number CM2400HCB- | FZ2400R17HP4 | 1MBI2400U4D- 5SNA
yp 34N B9 170 2400E170305
Collector current 2400 A 2400 A 2400 A 2400 A
Collector-emitter | ;76\, 1700 V 1700 V 1700 V
voltage
Collector-emitter 21V 19V 247V 2.05V
saturation voltage
Base plate AlSiC AlSiC Copper AISIC
material
Technology Trench gate | Trench-fieldstop - SPT
Typical gate
resistance (On) 0.8Q 0.8Q 1.8Q 06Q
Typical gate
resistance (Off) 1.1Q 040 0.68 Q 0.6 Q
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For the same 3 MW generator, 3L back-to-back converter can also be used. The
IGBTS are selected as 1700 V and 2400 A with two parallel IGBTS as in the case of
2L converter. The voltage across each IGBT is reduced to Vg/2 for 3L converter;
hence, the voltage rating could be reduced down to 1200 V. Nevertheless, the
reduced voltage stress on the same IGBT leads to improved life cycle. The
comparison of 2L and 3L converters is presented using the same IGBTs in order not
to get affected by device parameters’ variation. The clamping diodes of 3L topology
are selected from Mitsubishi as RM1800HE-34S with 1700 V peak repetitive
voltage and 1800 A forward current ratings. The diodes are also paralleled as in the
case of IGBTSs due to smaller current ratings of the diodes than the nominal current

rating of the converter.

The switching frequency of a 3L converter is effectively doubled at the converter’s
output different from a 2L converter. Due to increased switching frequency, the
output filter requirements are not the same. Reduced current harmonics of 3L
converter diminish the filtering requirements hence smaller filter components shall
be used. Although the controller bandwidth does not change, the reduction in size of

the 3L converter’s output filter presents to be an attractive solution.

For higher power ratings above 3 MW, increased number of semiconductors should
be paralleled or multi-cell topologies should be adopted. By increasing the converter
output voltage to MV, the current rating of the converter decreases hence multilevel
topologies become an apparent solution. Since the scope of this thesis does not
include multilevel converters, technical analysis of multilevel converters is not

covered.

2.6. Cost and Efficiency Evaluation of WECS

Recent wind turbine configurations mostly use back-to-back PWM-VSIs with full-
scale power rating. Variable speed WTs allow more power integration to the grid
owing to the wide range of operation starting from nearly 3 m/s up to 25 m/s wind
speed. The controllability of active and reactive power together with the dynamic

response offers superior advantages compared to the fix speed WTs. The reduced
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power capability of the power converters employed in partial-scale WTs may
become attractive; however, the design and production of a specially designed
doubly-fed induction generator may be troublesome. As the cost of power converters
and electric generators are very close, the benefits along with the use of DFIGs are

minimal.

The cost of an induction machine (IM) and a PMSG for the same power rating are
different. The rare earth magnets used in the PMSGs are relatively high in cost but
the efficiency of PMSGs is about 5-7% higher for a standard 3 MW WECS.
Moreover, the installation of offshore WPPs due to environmental and financial
factors renders the use of maintenance-free equipments compulsory. The cost of the
maintenance expenses are doubled for offshore applications compared to onshore
applications. The investors therefore naturally ask for reducing the maintenance cost
as much as possible. PMSGs offer cheaper maintenance and are very desirable for

offshore applications.

The emerging wind energy market in China also forces the designers to develop
PMSGs with higher efficiency rating. Despite the wide use of DFIGs in Europe, the
new trend is to use synchronous machines with full-scale power converters. The
advantages are mainly the reduced maintenance cost and the increased overall
efficiency of the WECS as mentioned above. When the payback time of the system
is taken into account, it is wise to employ PMSGs. Moreover, medium-voltage
power conversion with reduced harmonic distortion levels is achieved seamless

along with the development of multilevel converter topologies.

Since the focus of this thesis is not the economical aspects of a WT investment, a
shallow knowledge on the cost and efficiency evaluation is given.

2.7. Trendsin WECS

The rapid development of power electronics has led to the decrease of
semiconductor devices and the increase in the power density. By reducing the

volume and the weight of power electronic devices at the same power level, more
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compact designs are developed recently. As the power density increase, the cooling
expenses also become significant and the design of a suitable cooling method
becomes substantial for safe operation of the WECS. Generally, low-voltage
converters use forced air cooling while medium-voltage converters use liquid

cooling.

The size and the power rating of the WTs are growing continuously over the past 35
years. The development of WTs and the utilization of power electronics capacity are
shown in Figure 2.25. The most commonly used solution for WECS in the best-
selling power range 1.5-3 MW is the use of back-to-back 2L PWM-VSI at both the
generator side and the grid side. The biggest commercially available WT, V164-8.0
MW designed by Vestas has a power rating of 8 MW and a blade length of 80 m
while other manufacturers also have WTs around 6-7 MW [47]. Samsung Heavy
Industries’ S7.0-171 with 7 MW rated power was the previous holder of the world’s
largest WT title. A European company, Enercon has also developed a 7.5 MW WT
for onshore applications. 10 MW turbines, Sea Titan designed by AMSC and ST10
designed and developed by Sway having rotor diameters of 190 m and 164 m
respectively are the biggest WTs which are not commercialized yet [48]. As newer
designs are on the way, the power rating of the WTSs tends to increase further than 10
MW in the near future.

The increased power levels beyond 3 MW nullify the use of single-cell 2L PWM-
VSils. Instead, multilevel converters with three or more levels are utilized. A newly
developed five-level (5L) topology offers reduced harmonic content on the output
current and transformerless DC supply [49]. The voltage level is increased up to 6kV
at the converter’s output to make use of high-voltage semiconductor switches. The
topology is applied as back-to-back for multi-megawatt industrial motor drives. The
major applications include cement, mining, metal industries, and power generation
as fan or pump drive. Such a topology could also be used in WECS for a direct drive
WT.
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Figure 2.25 Development of wind turbines [28]

Individual WTs used in the past are replaced with MW-size WTs combined in
onshore and offshore wind power plants (WPPs). The grid integration of wind power
is therefore increasing continuously. The unpredicted nature of the wind power
deeply affects the stability and the security of the grid. The future challenges of the
WECS are mainly the integration of wind power to the existing distribution network
and the regulation of the WPP as a conventional power source. As the grid
connection requires that WTs stay connected to the grid in the event of a grid fault,

the control of power electronics is a major issue.

The HVDC networks for the connection of large scale WPPs present a new and
attracted solution delivering only DC power to a common grid. The conversion
expenses of the wind power get reduced as well as the transmission expenses. The
receiver of the grid power is responsible for satisfying the grid codes while the

WECS are only responsible for extracting the maximum available power.

The improvements of the present designs could be estimated in the future. The
development of novel semiconductor switches and the use of diverse materials for
the passive elements in order to increase the power density, provide the cheapest and

the most reliable solution will be the main motive.
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The challenges related to technological developments are to reduce the uncertainties
come up so far, to develop more optimal, reliable technology, to improve the grid
stability, to build up larger and more silent WTs, to establish easily maintained
hybrid systems for isolated grids in rural areas and to develop technologies allowing
the integration of variable energy sources such as HVDC transmission, energy
storage facilities, compensation devices used to regulate voltage, frequency, power

factor, and voltage unbalance, and production forecasting.

Further research topics in power electronics for WT technology can be stated as
[16]:

e Practice and analysis of switched reluctance machines and transverse flux
machines for high power WTs,

e Optimization of back-to-back PWM-VSlIs,

e Study and analysis of matrix converters and multilevel converters in WECS,

e Introduction and diagnosis of novel power converter topologies.

Regarding the wind power integration to the utility network, dynamic operation
under normal operation and fault events, droop control strategy, energy storage
systems, grid stability, and standardization of wind energy requirements may be

highlighted as further research areas.

2.8.  Summary

An overview of WT concepts both on recent configurations and earlier designs, grid
codes required for wind power injection to the utility network, frequently used
topologies on power electronic converters, cost and efficiency evaluation of WECS,
and lastly future studies and trends in WT design are stated in this chapter.

The importance of variable speed WTs in capture of maximum available wind
energy is sated. The advantages and the disadvantages of WTs using DFIG with
partial-scale converter and full-scale back-to-back PWM-VSI are pointed out

clearly.
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Power quality issues with respect to the international standards (IEC 61400-21,
IEEE-STD-519, etc.) are mentioned. The voltage at the PCC should have certain
characteristics not to disturb sensitive loads of the consumer. The origins and the
causes of these disturbances as well as the characteristics of them are summarized in
a table. The devices utilized to enhance the power quality are described by
considering the disturbances encountered on the utility network. Moreover, grid
connection requirements set by the TSO are covered for the distribution network in
Turkey. As the most important regulations, the active and reactive power control,
reactive power exchange, and fault ride-through capability are highlighted. The
characterization of the grid behavior is expressed using the SCR definition and

current distortion limits depending on the SCR value are stated.

The topologies used as the power electronics converter from the generator side to the
grid side are described briefly. Additionally, the comparison of matrix converter,
tandem converter, resonant converter, multilevel converter, and state-of-the-art
back-to-back PWM-VSI with advantages and drawbacks for each one is carried out.
The dominant use of PWM-VSIs in WTs makes it a reference in a benchmark to the
other converter topologies. The number of active and passive elements, the ease of
hardware and controller design, the ratings of the semiconductors, harmonic

performance, and efficiency are the aspects of the comparison.

The evaluation of the most important topologies used in recent WTs is given
regarding the cost and the efficiency. Despite the initial investment cost
disadvantage, long term profit of the PMSG with back-to-back PWM-VSI based
power conversion topology is emphasized. The technical data of commercially
available WT generators and converters are presented. The selection of
semiconductors for 2L and 3L converters are stated and the technical data of various
manufacturers’ 1700 V 2400 A IGBTs are tabulated.

Finally, the recent improvements on the power capability of WTs and semiconductor
devices are stated. As the size of WTs increase year by year, the power electronics
converters handling higher power should be designed and implemented. The power

density and the reliability of the converters used should be improved to reduce the
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design and maintenance expenses. The challenges on the power converter topology
and on the integration of large wind power to the utility are expressed. Besides,

further research topics in the power electronics aspect of a WT design are stated.
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CHAPTER 3

DESIGN AND CONTROL OF GRID-CONNECTED PWM-VSI

A comprehensive description of a WECS including the WT topologies, grid codes,
and power converter topologies is given in Chapter 2. In this chapter, a review of
hardware and controller design for a back-to-back connected WECS is given. In the
hardware part, the selection of switching frequency, controller and grid side filter is
given. Moreover, calculation of DC-link capacitor value and LCL filter parameters is
explained in step by step. On the other hand, converter control structures used in the
simulation studies are analyzed deeply in the controller design part. AC grid currents
controller, DC-link voltage controller, and phase locked loop designs are given.
Brief information on the stability assessment is also given.

The efficiency target especially for high power systems is very important. The losses
are mainly converted to heat hence the cooling expenses are increased. Therefore,
the efficiency criterion can be thought as the origin of the converter design. Then,
the determination of the switching frequency with a suitable topology is
accomplished using efficiency curves. The calculation of DC-link capacitors and
appropriate LCL line filters to mitigate the harmonics is described in a guiding

manner.

The WECS analyzed in this thesis is mainly full-scale back-to-back connected 2L
PWM-VSI connected to the grid via LCL filter. The grid side converter and the grid
interface are the focus of this thesis. The PWM-VSI is a frequently used topology as
it is stated in the previous chapters. The LCL filter as the grid side harmonic filter
has been used widely rather than standard L filter in recent years [3]-[6], [8], [50]-
[55]. The inherent resonance problem of the LCL filter presents a challenge that has

to be dealt with. Hardware solutions with additional passive elements or alternative
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control methods are proposed in the literature to suppress the resonance effect [56].
The proper design of the LCL filter is important for grid current regulation. By
taking the grid codes into account, LCL filter design is reviewed in this chapter.

3.1.  System Description

This study is interested in the grid current regulation of the WECS and the generator
side is not in the scope hence the wind power, the generator and the generator side
converter is simply modeled as a current source as it is shown in Figure 3.1. The
aerodynamic speed regulation strategies related to the wind turbine and the
maximum power point traction (MPPT) algorithms dedicated for the generator side

converter are omitted in this study.
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Figure 3.1 Full-scale WECS analyzed in this thesis
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The grid side PWM-VSI has six semiconductor switches, a DC-link capacitor, and
necessary amount of current/voltage transducers. The grid connection to the LV side
of a step-up transformer is accomplished via an LCL filter. The ideal LCL filter
composed of converter side inductor, L., grid side inductor, Ly, and the filter
capacitor, Cs consumes only reactive power; nevertheless, the components designed
in practice have resistive parts and filter consumes active power as well. Winding
resistance and core loss of inductors together with equivalent series resistances
(ESRs) of capacitors are neglected throughout this thesis, presenting a worst case
scenario. The parameters of the step-up transformer are also neglected, equivalent
Lgria @and Rgrig parameters are used to model both the grid and the transformer
instead. The voltage rating of the DC-link, line-to-line voltages of the grid and
depending on the control strategy, converter side currents or grid side currents are
measured. With all these feedbacks, complete state space representation can be

driven and the controllers can employ the proposed algorithms.

Depending on the hardware limitations and control preferences, converter current
feedback (CCF) or grid current feedback (GCF) methods can be adopted [5], [6],
[51], [52]. Moreover, a trade-off between resonance damping property of the
controller and the dynamic response of the system occurs regarding the selection of
feedback variable. For industrial applications, currents sensors may be embedded in
the hardware at the converter side for protection purposes or the grid may not be
reached easily to place the sensors. Such limitations guide the designer to use CCF
rather than GCF. On the other hand, WECS should provide unity power factor
operation which may not be possible due to the phase shift property of the grid side
harmonic filter. GCF obviously provides an advantage on power factor since the
controlled variable and the output of the system are the same. All in all, the
requirements of the design determines the control type yet designs involving both
the grid side and the converter side current sensors are available in the literature. The
controller design in this study applies GCF; nevertheless, CCF is also applied to
distinguish the differences between two methods where necessary. A comprehensive

research on this subject is conducted in [56].
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3.1.1. Determination of the Switching Frequency

Having selected the converter topology, DC-link voltage value, and semiconductor
devices, now the switching frequency of the converter shall be decided. The
efficiency target is the primary source of selecting a suitable switching frequency. In
this section, a variety of switching frequencies is applied on the 3 MW PWM-VSI to

demonstrate the effect on the efficiency.

The switching frequency is determined together with the modulation strategy. High
power inverters have a limited frequency bandwidth due to low frequency switching
and the output current distortion levels are excessive. Therefore, optimized pulse
patterns to eliminate specific harmonics such as 5™ or 7 can be used to reduce the
grid side filter size. However, carrier based modulation strategies are utilized often.
Recently, space vector modulation (SVM) techniques are more preferred to
conventional sinusoidal PWM (SPWM). Two commonly utilized SVM techniques,
namely space vector pulse-width modulation (SVPWM) and discontinuous PWM1

(DPWM1) methods are compared in terms of efficiency via visual aids.

An exemplary WECS topology determined on the previous section was 2L PWM-
VSI with 690 Vs grid voltage and 1070 V DC-link voltage. The study is narrowed
down to a specific problem to present a complete illustration. In Figure 3.2,
efficiency curves when SPWM, SVPWM, and DPWM1 methods are applied on the
proposed PWM-VSI are seen for a variety of switching frequencies. The conduction
and the switching losses of the semiconductors and grid side filter losses are
considered through the efficiency analysis demonstrated in Figure 3.2.
Semiconductor losses are calculated using Melcosim, developed by Mitsubishi

Electric Corporation.

Obviously, DPWML is superior to both SPWM and SVPWM in term of efficiency
according to Figure 3.2. The difference in efficiency ratings of SPWM and SVPWM
is so small that two curves are seen on top of each other. As the voltage modulation
index is constant, the benefits of SVPWM are not revealed. For overmodulation

region (i.e. voltage modulation index is greater than “1”’), SVPWM is advantageous
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over SPWM but the grid voltage is fixed and the inverter does not enter
overmodulation region. Selecting the switching frequency as 1.2 kHz with DPWM1

technique gives the efficiency close to 99% by considering the grid side filter losses.
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Figure 3.2 Efficiency analysis of 3 MW 2L PWM-VSI for SPWM, SVPWM, and
DPWM1 methods

3.1.2. Determination of the Controller

The controller type is also an important part of the converter design process. Two
subsystems, namely the electrical and mechanical ones composing the WECS are
specified by different control goals but the main aim is to control the power injected
to the grid. Direct torque control (DTC) with a very fast response is generally
applied in the generator side converter. Grid side converter; on the other hand,

employs synchronous frame P1 regulators.

Grid side converter controls the current and voltage harmonics strictly limited by the
grid codes for multi-megawatt WTs. The modulation technique is a determining
factor for the harmonic levels at the grid side as discussed in the previous section.

Grid currents can be regulated using voltage oriented control or adaptive band
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hysteresis current control. Detailed information on voltage oriented control is given
in this chapter. Adaptive band hysteresis current control provides a very fast
response current loop [57]. The varying frequency due to fixed hysteresis band
makes the design of the grid side filter hard. With the adaptive hysteresis band
implementation, the problem is solved. DC-link voltage control is similar to voltage
oriented control algorithm and the controller operates in synchronous reference

frame as well.

Due to implementation easiness on 2L PWM-VSIs, synchronous reference frame
voltage oriented control is chosen. The control of the grid side converter needs a
number of voltage/current sensors. A voltage sensor across the DC-link capacitor, at
least two voltage sensors between the successive grid phase terminals, at least two
current sensors on the phase lines and at least one current sensor on the DC-link
lines for the protection of the DC-link is needed. DC-link voltage controller utilize
the voltage across the DC-link as the feedback while PLL block requires at least two
phase voltages to obtain the phase angle. Grid side currents or converter side
currents are measured as the main feedback variable for current controller. A
detailed discussion on the grid current feedback (GCF) and converter current

feedback (CCF) is also given in this chapter.

3.1.3. Determination of the Grid Side Filter

The role of grid side filters for VVSI based converters is twofold. First, the grid side
filter provides a dominant inductive behavior to guarantee the proper operation when
connected to the utility. Second, PWM carrier and sideband harmonics generated by
the converter are removed not to affect sensitive loads connected to the same
network. A simple L filter provides these two requirements; however, the application

of L filters is very limited for modern WECS.

Current harmonic levels at the grid side can be a problematic issue especially for
high power systems. The attenuation of current harmonics is provided by passive
filters. The reduction in the switching frequency and high grid currents make the

design of the grid side filter very difficult. The realization of the L filter with high
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inductance to meet the demands of standards and grid codes is quite expensive. The

dynamic response of the system also becomes poorer.

At the system level, disturbances created by some specific harmonics can be
deteriorated by employing a bank of tuned LC trap filters. Nevertheless, low-pass
filter attenuation is required due to the fact that grid codes are very stringent for
frequencies above a defined threshold. A higher order LCL filter could replace
standard L filter in terms of harmonic attenuation capability and LC trap filters in
terms of grid code compliance. The schematic of LCL filter and bank of LC trap
filters are shown in Figure 3.3.
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Figure 3.3 LCL Filter and bank of LC trap filters

If the converter’s switching frequency is at hundreds of Hz, the tuning of LCL filter
is very difficult that LC trap filters are used. Unlike tuned LC filters, LCL filters act
on the whole frequency spectrum. The general design process of LCL filter is given
in the following section. Solutions to inherent resonance problem of the LCL filter
are given in Chapter 4 and these methods are verified with simulation results on a 3
MW WECS in Chapter 5.

Before going into detail on the design and the control aspects, the models of the
standard L and the LCL filters are presented. Then cascaded control structure in dg-

frame synchronous to the grid frequency is stated. Two main issues related to the
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control of the PWM-VSI are stated: the control of the DC-link voltage and the

control of the AC currents flowing to/from the grid.

3.1.4. Mathematical Model of the L Filter

When the converter is connected to the grid via L filter, the following equation is

used to state the grid current which is the main control parameter.

Vc(t) = Egrid(t) + Rgridi(t) + (Lgrid + L)%i(t) (3'1)
1
Ei(t) = ) [—Rgriai(t) — Egria(t) + V(¢)] (3.2)

The output voltage of the converter, V., the grid voltage, Egrig, and the inverter’s
output current, i are the space vector parameters in (3.1). The state-space form of the
equation is given in (3.2).

I(s) 1

AR (3.3)

Y. (s) =

The L filter whose transfer function is shown in (3.3) is a first order filter, having no
cut-off frequency and the harmonic elimination performance of the filter is limited.
For a certain frequency, the harmonic attenuation capability of the filter can only be
increased by increasing the inductance value. In order to obtain a pure sinusoidal
output waveform, the inductance value should be arranged such that the undesired
harmonic components occurring in the frequency spectrum are at higher frequencies
than the L filter’s gain crossover frequency (frequency occurring at 0 dB). The
fundamental current component and its multiples can be controlled using the current
regulators; however, high frequency harmonics due to switching of the

semiconductor switches are not directly controlled by the current regulators.
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Although there are different modulation techniques producing a reduced amount of
harmonics, current regulators are designed in the low frequency domain (grid

frequency) and are not responsible for eliminating the switching harmonics.

3.1.5. Mathematical Model of the LCL Filter

For the current control analysis, it is necessary to state the model of the LCL filter.
The outer DC voltage control loop also needs the current loop model. Accordingly,
the continuous (s-domain) model of the LCL filter applying Kirchhoff’s laws can be
obtained. Time domain equations to find the s-domain model are shown in (3.4).

d .
4 0® = T (Ve © ~ Egria(® = Ryray ©)

d 1
—ie(® = (V) = Ve, ) (34)

d L
awxw=§(uo—@@)

T
With the state space vector defined as x = [ig i. Ve f] , the simplified state space

representation of the LCL filter is given below as

x(t) =Axx(t) +B*V.(t)
(3.5
y = ig(t) = € » x(0)

with A, B, and C matrices defined below.
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The state space representation in dg-plane is also demonstrated for better
understanding of the current controller after the presentation of space vector
transformations. For ideal grid conditions (i.e. grid impedance is omitted), the grid
side is assumed to be short-circuit as shown in Figure 3.4. The s-domain transfer

function of the LCL filter is simply derived from the state space representation as in

=[1 0 0]

(3.6) from the output variable, i, to the input variable, V.
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Figure 3.4 The basic LCL filter configuration with short-circuited grid side

YieL(s) =

I(s)

1

Ve(s) ~ s3CpLeLg +s(Le+ L)

3.1.6. Frequency Characteristics of the LCL Filter

By observing the transfer functions (3.3) and (3.6) as “s” approaches to “0”, it can be
said that the LCL filter converges to L filter for low frequencies. The capacitance has
a negligible impedance at low frequencies (i.e. grid frequency) hence the LCL filter
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is equivalent to Lc+Lg. Above the resonant frequency shown in Figure 3.5, the
capacitor impedance decreases further and the harmonic attenuation capability of the
filter rises from 20dB/dec to 60dB/dec. The resonant frequency defined in (3.7) is
the minimum impedance point of the LCL filter. The filter has zero impedance
ideally; however, ESRs of the capacitors and the winding resistances of the
inductors prevent this. These non-zero impedance paths favor the resonance
suppression yet create power losses. The values of the filter’s intrinsic resistors are
not sufficient to damp the resonance hence the harmonics produced by the PWM-
VSI or grid originated harmonics around the resonant frequency are amplified
through the LCL filter.
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Figure 3.5 The frequency characteristics of the L filter and the LCL filter

Lo+L
= (3.7)

Wyes = Znﬁ‘es = I L Cf
clg

The harmonics generated by the converter constitute a resonance problem, the result
of which is shown on the grid side current in Figure 3.6 below. The excessive
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amount of harmonics seen on the line current leads to current stresses on the
semiconductors. The voltage across the filter capacitor contains harmonics as well.
The voltage level shown in Figure 3.7 exceeds the DC-link voltage and the rated
voltage of the semiconductor switches. These overvoltages as well as the
overcurrents are harmful for the semiconductors and leads to the failure of the
overall system eventually. In order to prevent the resonant harmonics, active or

passive damping measures should be taken.
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Figure 3.6 Grid side voltage and current waveforms of the insufficiently damped
LCL filter
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Figure 3.7 Capacitor voltage waveform of the insufficiently damped LCL filter
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As the easiest way of providing the necessary damping, a non-zero impedance path
is created for the current components creating the resonance. This can be achieved
by simply adding a resistor in series with the filter capacitor. There are many
alternative ways to provide damping which are discussed with all details in Chapter
4. The additional resistor is called the damping resistors, Ry and the schematic of this

basic configuration is shown in Figure 3.8.
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Figure 3.8 The simple passive damping schematic

The simple passive damping solves the inherent resonance problem of the LCL filter
at the expense of resistive power loss. After the implementation of passive damping
(PD), the line currents are regulated and the undesirable effects due to the resonant

harmonics are eliminated as it is proven in Figure 3.9.

The ESR of the filter capacitor has a positive effect on the suppression of resonance
since it is also in series with the filter capacitor. Intentionally, inserting filter
capacitances with high ESRs may seem to be an option; however, the temperature
rise on the capacitors due to the conversion of electrical energy into heat on the
internal resistances is not desired. Additional cooling expense may come up to
reduce the heat on the capacitors since commercially available capacitors generally

operate up to 70 °C.
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Figure 3.9 The extinction of resonant harmonics after the implementation of simple
passive damping

The modified transfer function of the LCL filter including the series damping resistor
is found as

Ig(s) sCiRy + 1

Yic(s) = =
1 (s) Ve(s)  s3CiLcLg +52CpRa(Le + Lg) + s(Le + Lg)

(3.8)

As it is observed from the above transfer function, the presence of the term with s in
the numerator leads to noticeable degradation in the filter performance. The 3™ order
characteristic of the filter now decays down to 2™ order at high frequency range.
Nevertheless the term with s? in the denominator provides the necessary damping

physically. The damping coefficient of the filter is also found as

_ warest

) (3.9)

A deeper analysis on the passive damping is given in Chapter 4 together with

advanced passive damping methods.
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3.2.  Hardware Design Review

In this section, the selection of DC-link capacitor and the design of LCL filter using
the classical approach are given. DC-link capacitor design is not in the scope of this
study; however, the basics of DC-link capacitor selection are reviewed to present a

top to bottom design example.

3.2.1. DC-link Capacitor Design Review

DC-link capacitor is selected by considering the current drawn from the capacitor
due to PWM operation of the grid side converter and the DC-link voltage rating. The
capacitor bank shall provide the necessary power exchange from the generator side
to the grid side and vice versa. The equation in (3.10) can be used for the calculation
of DC-link capacitor value [58]. The peak-to-peak voltage ripple, Vyippie shall be
defined first and the switching frequency of the PWM rectifier is needed.

Prated (3.10)

Cac =
Vripple Vdcfsw

With the assumption of grid side and generator side converters having the same
switching frequency around 1.2 kHz, the DC-link capacitance is found as 11 mF for
10% peak ripple. The voltage rating of the DC-link is set as 1070 V throughout this
study.

A suitable capacitor bank is formed using the rms current through the capacitor, lcap
information given in (3.11). The current through the capacitor is found

approximately as 6250A using the abovementioned data.

Vripple Cdcnf:sw (3.11)
I cap = \/E
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Table 3.1 presents the technical information of suitable DC-link capacitors from
AVX and Electronicon [59]. Film capacitors have higher power density than
electrolytic capacitors. The capacitance values are four times higher and the
reliability of film capacitors is superior to electrolytic ones. Besides, the voltage
handling capability of film capacitors is two times the rated voltage. Therefore,

electrolytic capacitors are replaced by film capacitors in the industrial market.

Table 3.1 Technical information of suitable DC-link capacitors

Type number E50.M13-184NT7 FFLC6U1757K--
Capacitance value (uF) 175 1750

Tolerance on capacitance (%) 10 10

Rated voltage (V) 1300 1200

Max rms current (A) 60 300

ESR (mQ) 1.2 0.41

Stray inductance (nH) 40 35

The number of parallel and series capacitors is selected using the rated capacitor
voltage and capacitance value. The selection of Electronicon DC-link capacitors
leads to parallel connection of roughly 63 capacitors whereas only 6 capacitors are
needed when AV X DC-link capacitors are used. The current rating supported by the
capacitor bank formed using Electronicon capacitors goes up to 3800 Ams While the
bank of AVX capacitors can give 1800 Arms. These two ratings are below the
necessary value of Iy, found above but the number of parallel capacitors can be
increased further. As the DC-link capacitance is selected bigger, the voltage ripple
on the capacitor tends to decrease. It should be noted that the value of the capacitor

is limited by the cost, encumbrance and safety considerations.

3.2.2. LCL Filter Design Review

The grid side filter has two functions: one of them is to provide an inductive
behavior to secure the proper operation of the PWM-VSI when connected to voltage
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source loads such as the grid and the other one is to prevent the PWM voltage
harmonics to flow into the grid as harmonic current which may disturb other loads
connected to the same point of common coupling (PCC). The excessive amount of
PWM harmonics also creates power losses on the semiconductor devices and the
filter equipments. The simplest way of introducing a grid side filter is to use
inductors; however, the harmonic attenuation capability of the standard L filters is

very limited.

For high power applications as WECS, the switching frequency is very low and the
size of the filter to meet the demands of the TSO and to comply with the grid codes
is very large. It will also be quite expensive and bulky to realize higher value filter
inductors. Additionally, the dynamic performance of the system may also become
deteriorated. Tuned LC trap filter may also be used to limit the values of harmonics
at certain frequencies but the stringent requirements of the grid codes recommend
using low-pass filter structures due to limitations in magnitude for frequencies above
a certain threshold. The use of high-order low-pass filters as the LCL filter provides

an advantage to comply with the grid codes.

The design of a proper LCL filter requires very much attention. The movement of
designed filter parameters from their origin due to aging, stray
inductances/capacitances of the system or parasitic components may lead to
instability of the system [4]. Such a case should be treated carefully and regarded as

an important part of the WECS design.

Several design methods are presented in [3], [4] and an improved design method
including the stability and controllability of the system is discussed in [56]. An
overview of the conventional design algorithm should be stated at this point to
complete the design process of the simulated systems. The selection of filter

parameters is referred for better understanding of the difficulties in the design.

As the general design methodology is iterative and the parameters are adjusted such
that certain equations or rule of thumbs are satisfied. Since the controller design is a

latter design step, the filter parameters are selected so as to leave enough phase
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margin for the controllers. The resonant frequency is selected away from the
switching frequency in order not to cause any resonance due to controllers. Also, the
harmonic attenuation of the filter increases as the resonant frequency is selected
further away from the switching frequency. In such a case, the effectiveness of the
filter or the controllers can be discussed. In [56], the selection of the control

technique (GCF or CCF) is a prerequisite for the LCL filter design.

The conventional LCL filter design procedure is summarized step by step with the

following initial design inputs:

e Rated power of the grid side PWM-VSI, P,
e Frequency of the grid, fq

e Voltage of the grid, Vg

e DC-link voltage, Vg

e Switching frequency, fq

1% Step: Grid side and converter side filter inductances and the filter capacitance
are expressed as the percentage of the base impedance, Z, and the base capacitance
values which are defined in (3.12) and (3.13) respectively.

|/ 3.12
Z, =2 (3.12)
B,
1
C, = (3.13)
wag

where w, = 2mf,.

2" Step: Filter capacitance value is determined as the percentage of the base
capacitor value. In general, C; is selected in the range of 1% to 5% of the C, to meet
0.95 to 1.00 power factor (PF) at the PCC [3]. This percentage, x is defined as the

reactive power absorption ratio of the filter.
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The reactive power flow on the filter capacitor increases if x is selected higher than
5%. Consequently, the current drawn from the DC-link capacitor increases and it
leads higher semiconductor and filter losses. Since the design process is iterative, the
capacitance of the filter capacitor is changed several times during the design process.
The amount of ripple passing from the converter side to the grid side is adjusted by

varying the capacitance value.

3" Step: By selecting the desired peak-to-peak current ripple, Aimax ON the converter
side inductor in the range of 10% to 25%, the stresses on the semiconductors are
limited. It should also be noted that the total inductance value should be less than 0.1
p.u. to limit the AC voltage drop on the inductances. Moreover, a higher value of
DC-link voltage may be needed to guarantee the controllability of the current. For
high power systems it may not be possible due to low switching frequency hence
higher current ripple on the converter side in. The value of L. can be found using the
equation (3.15).

Vdc

L. =———
¢ 12 fou Alrmax

(3.15)

where Ainax is expressed as 0.1 or 0.25 times the peak output current, .

The correlation parameter, r between L and L is defined so as to select the grid side
inductance. In order to minimize the filter energy hence the filter size [3], [4], [6] r is

usually selected equal to 1.

Ly=1L, (3.16)

4™ Step: The current ripple attenuation given in (3.17) is calculated neglecting the
losses on the filter and the damping of the filter. By considering (3.14) and (3.16) the

equation can be written as
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ig (how) _ 1
ic(hsw) |1 + T‘(l - Lchwszwx)l

(3.17)

where ws, IS the switching frequency in rad/sec.

Selecting a ripple attenuation of 20% often provides a good filtering performance
and compliance with the grid codes. The r value can be increased beyond 1 but the
disadvantages occurring such as the filter size, cost, and instability of the current
regulators does not worth the further decrease of the current ripple on the grid side.

The ripple attenuation rate for an arbitrary LCL filter is obtained in Figure 3.10 by
varying r value. The current ripple permitted to pass to the grid side can be chosen

just by selecting the value of r from the related graphic.

0.25

ot L
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
r

Figure 3.10 Ripple attenuation rate against r

5™ Step: The resonant frequency is calculated using (3.18) and verified that the
resonant frequency is in the range between ten times the grid frequency and one-half

of the switching frequency as shown in (3.19).
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Lo+ L,
LcLyCr

Wyes = Znﬁ’es = (318)

10f, < fres < 0.5fiyy (3.19)

If (3.19) fails to satisfy, the process goes back to 2™ step to update the reactive
power absorption ratio (to change x) or to 3 step to update the correlation factor
between the grid side and converter side inductance (to change r value). Due to the
reason stated in 3" step, updating r value is not adopted as the first choice to comply
with the requirements. As an alternative, reactive power absorption ratio can be
updated assuming that the switching frequency is fixed prior to the design of the
LCL filter.

6™ Step: A necessary amount of damping should be provided to avoid oscillations.
As the simplest solution to provide damping is to use damping resistors, the
minimum value of the damping resistors minimizing the resistive power losses is

calculated as

_ 1
3w1"eSCf

R, (3.20)

Although the value of the damping resistors are selected equal to the one third of the
filter capacitor’s impedance at the resonant frequency for low power converters [7],
[60], it is not the same for medium to high power converters of several hundreds of
kilowatts. It usually results for a higher damping resistor value hence higher power
losses. The optimum value of damping resistors is selected using (3.21) such that the
damping factor, ¢ is 0.707; however, adopting the damping factor around 0.5 both
provides the necessary damping and eliminates the excessive power losses on the

resistors.
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_ Gr@resRa (3.21)

3.3.  Control Overview and Controller Design

Stabilization is regarded as the main target of the controller design procedure
throughout this study. Besides, damping extent of the resonance poles are
investigated and correlated with high frequency oscillations occurring at the
transient periods. The stability of the controller is depicted using MATLAB®

outputs.

The control scheme of grid-connected, LCL filtered PWM-VSI is shown in Figure
3.11 below. DC voltage control, power control, and grid management blocks are the
main parts of the controller. Power control is simply the control of converter’s

output current and grid management deals with the extraction of grid phase angle.

Lc f‘ Lg jg Lgpid
- A < —rYY Y
i - N - -
_Z _|_ Ve —‘ Ve _|_ "',Cf' 1-‘g e
: . !
v IModulator | ; Ve v,
y . ¢ A 4 v __ -
~ 2 Yo R
POWER CONTROL
DC VOLTAGE GRID
CONTROL > < MANAGEMENT
CURRENT | VOLTAGE
CONTROL | CONTROL
[\ AN AN <

Figure 3.11 Overall control scheme of grid-connected, LCL filtered PWM-VSI
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In this study, dg-frame controllers synchronous to the grid frequency are used. As it
is shown in the control structure of the PWM-VSI in Figure 3.12, two-phase DC
signals are controlled instead of three-phase AC signals by employing space vector
transformations. Control of DC signals is more useful than AC signals due to well-
known benefits of linear control techniques. The controllers successfully track the
reference values with zero steady-state error value as the control signals are nothing
but DC signals. The number of the controllers is also reduced from three to two by

employing dg-frame controllers.

Figure 3.12 shows the two loop cascaded control structure of a three-phase PWM-
VSI. DC-link voltage, Vg is regulated by the outer control loop with the reference
input Vg . The output of the voltage control loop is the reference value of the inner
current control loop. The active and the reactive components of the current feedback
variable are regulated by the inner control loop. Hence, this multi loop control
structure can be named as “voltage oriented current control”. Both the outer and the
inner loops regulate the feedback variables in synchronous reference frame locked

directly to the grid voltage vector as demonstrated in Figure 3.12.

ILIL ic ab
A y Lc,abc

idq _D J y
= PLL |« l
0 M y,g,abc =g.abc

abc

] Vae
v i o ﬁabc PWM 3 Phase VSC Y
dc Voltage =dq | current | €44 | abc _ | Generation N Zcabe L _
PI-Control ? PI-Control | dg v il ~| Fitter v

&
<«

da

Figure 3.12 Two loop cascaded control structure

The output of the outer DC-link voltage control loop is the dq current reference

vector, ig, for the inner current control loop. Then, iz, is compared with the actual
value of the current feedback variable, i,, transformed into the dg-frame and the

output of the inner current control loop then determines the reference value for the

81



dg-frame VSC output voltage vector v; ;.. Afterward, this reference voltage value is

back-transformed into the stationary abc-reference frame. Finally, the three-phase
voltage vector is employed to generate PWM signals for the switching of the VSC.
The phase angle of line voltage vectors are obtained using phase-locked loop (PLL)
algorithm stated in [61], [62]. Either GCF or CCF can be adopted as the current
feedback method as shown in Figure 3.12. It should be noted that the transfer

function of the LCL filter is different for each method.

The internal current loop is designed such that the settling time is short and the
response of the controller is fast. The outer voltage loop on the other hand aims
optimum regulation and stability. The voltage loop therefore can be designed to be
slower. With different bandwidths, these two loops can be considered decoupled,
and so the current feedbacks measured from either converter side or grid side are
considered equal to their reference values when designing the outer DC voltage
controller. The control problem is linearized with this assumption.

Voltage oriented control is generally implemented in the synchronous frame
(rotating, dg-frame) with two cascaded loops as shown in Figure 3.12. Moreover,
active/reactive power feed-forward terms plus the rotating frame controllers offer
fast dynamic response. Since the three-phase current information is converted to two
DC signals rotating in synchronous with the grid frequency, wq , the performance of
the PI controllers increase due to the reference tracking capability of controllers with
zero error in steady-state. Hence, the reliability and the simplicity of the controller
are ensured. Furthermore, the decomposition of the three-phase currents into two

axes makes the decoupled control of active and reactive power available.

In addition to voltage oriented controller approach with PI controller, direct power
controller approach is also used in WECS designs [26]. Alternatively, stationary
frame (af-frame) voltage oriented control designs can be used leading to an indirect
control. Resonant controllers; on the other hand; offer both simplicity and high
performance and they are working in the stationary frame as well. Although they are

not frequently used in industrial applications, adaptive band hysteresis current
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control and synchronous virtual flux oriented control with Pl controller can be

named as other control strategies.

The transformation of coordinate system is achieved using PLL. The control
structure includes the control of DC-link voltage and the AC currents in the d-axis.
The reactive power and the reactive component of the current are controlled in the g-
axis. The control algorithm also comprises the output filter inductance in order to
achieve a high accuracy current tracking. Thus, the voltage drops on the output filter

inductances are compensated by the current controllers.

An important notice on the performance of the controllers is that the accuracy of the
PLL estimating the grid voltage angle is very crucial. The current controllers are
easily affected by the power quality problems described in Chapter 2. For
unbalanced grid condition and voltage sag or swell events, improved PLL structures

are presented in [62].

Transformation of three-phase signals to two-phase synchronous signals is stated in

the next section before the detailed explanation of two cascaded loops.

3.3.1. Space Vector Transformations of Three-phase Systems

A three-phase electrical system consists of a set of three voltages and three currents
interacting with each other to deliver electrical power. However, a practical three-
phase system cannot be considered as the simple addition of three independent
single-phase subsystems. Actually, particular relations exist between the phase
variables of a three-phase system, which invite the application of certain space
vector transformations to obtain a more elegant and meaningful representation of its
variables. Generally, the control system of a power converter connected to a three-
phase system is based on these transformed variables.

Let iq, ip, and ic be a set of equally spaced three-phase current vectors in abc
sequence (clockwise direction) with grid frequency in the stationary abc reference

frame as shown below in (3.22).
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ip| = |Icos (wt — 2m/3) (3.22)

[ia] Icos (wt)
Le Icos (wt + 21 /3)

Firstly, these vectors are transformed into two-phase stationary of reference frame
as shown in Figure 3.13. The transformed current waveforms in of reference frame

are represented with i, and i5 and they are also in clockwise direction.

120°

Figure 3.13 Stationary abc-frame and stationary of-frame

By decomposing abc phase vectors on « and S axes, three equations with three
unknowns are obtained as shown in (3.23). The magnitude of each component in o/-

frame is represented with N; whereas, N3 is used for the components in abc-frame.

. . . 4 , 2
Nyi, = N3iy + N3ip cos (?) + N3i_ cos (?)
4 21
Nziﬁ =0+ Ngib sin (?> + N3ic sin (?) (323)

Nzio = kNgia + kNgib + kNgiC

Then, these three equations in (3.23) are organized in matrix notation in (3.24).
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is] M2 lo —v32 —v3/2]lic
N J
Y

[Ta/}0]

io k k k i
N a
> [ ] (3.24)

By using the orthogonality condition, [TaﬁO]T[Taﬁo] = 5,3, the transformation

matrix, [T,p0] and Na/N, ratio are found as in (4.13) where [TaﬁO]T is the transpose

of [Typo] and lsys is 3x3 identity matrix.

io \F 1N2 /N2 12 )i,
a|= 3| 1 -2 -1/ [ib] (3.25)
ig 0 372 —V372/Lic

The transformation given in (3.25) is known as famous Clarke transformation. The
norms of the vectors in both frames are the same since the transformation is

normalized using (3.23). This results in the following equation:

2
i g i’ =i +ip +i’ (3.26)

Zero sequence component is not be utilized for the rest of the transformation
analysis. Thus, for simplicity, it is omitted and the reduced matrix is shown in
(3.27).

i1 l2[1 -1/2 -1/21[a
[iﬁ] ﬂ[o V3/2 —\/§/Zl [Z’] (3:27)
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As the next step, the transformed vectors in the stationary af-frame are referred to
the rotating dg-frame shown in Figure 3.14. The current vectors in dg-frame are
expressed as ig and iq. The frequency of rotation in dg-frame is the grid frequency,
wg. Using the information given in Figure 3.14, stationary af-frame variables can be
represented as in (3.28). The stationary reference frame variables in (3.27) can be
transformed into synchronous frame using (3.29) where the displacement angle, 6

varies between 0-2x radians in clockwise direction.

B (stationary)
q (rotating)

w = wgrid

4 a (stationary)

d (rotating)

Figure 3.14 Vector diagram of PWM-VSC control structure.

lop =g +]ip (3.28)

lgg =ligpe® 0= f w dt (3.29)

Transforming af vectors using (3.27), (3.28), and (3.29) along two orthogonal dg-
axes results in two equations with two unknowns shown in (3.30). Using the

transformation matrix, [Tqq], the equations can be represented as in (3.31).

iq = iqc0s0 + igsinf
(3.30)
iqg = —igSinf + igcosH
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[id] _ [cos 6 —sinH] [ia]

iq sind  cos@1lip (3.31)
[Tl

[T,,] satisfies the orthogonality condition i.e. [Tgg]' [Taq] = Irxz; Where [Ty,] is

transpose of [qu] and I,y is 2x2 identity matrix. The transformation represented in

(3.31) with the additional “0” sequence component is known as Park transformation.

The normalized transformation from af-frame to dg-frame allows the norm of the

current vector to be same in both reference frames; hence

o2 +ig? =it iy (3.32)

By modifying (3.4) and using the transformations given above, the mathematical

model of the LCL filter can be expressed in dg-frame as

d 1 ] , ,
Ef\g,dq = m (ch,dq - Egrid,dq - Rgridkg,dq _]w(Lgrid + Lg)fg,dq)
d . 1 o
geieaa = 7 (Voo =Yg, ~0Leloas) (333

As the current controllers operate in dg-frame, the transformation of the
mathematical model into the same reference is reasonable. The grid voltage vector,
the converter output voltage vector and the filter capacitor current vector are all
denoted in dg-frame as Vgdq, Vg, and Verag respectively. In addition, igqq is the grid

current vector and icqq IS the converter current vector. The decoupling terms with je
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are resulting from the space vector transformations. The controllers may or may not

include this terms.

3.3.2. Phase Locked Loop

PLL is a phase tracking algorithm mainly applied in communication technology. The
algorithm provides an output signal synchronized with its reference input in both

frequency and phase.

In power electronics, PLL is a widely accepted method to determine the phase angle
of the grid voltages [18], [26], [61], [62]. The conventional synchronous reference
frame PLL transforms the three-phase voltage vector from abc reference frame to
the rotating dq reference frame by using Clarke and Park transformations as shown
in Figure 3.15. The angular position, & is controlled by a feedback loop regulating
the g-axis component to zero. After the integration of the grid frequency, the angular
position of the grid fed back in the Clarke and Park transformations is obtained.

va —> —
v Clarke & Park ¢a)_9'

b Transformations V . 1 9
V q )

p— L »| PI —»@—» —

o1 =

Figure 3.15 Phase locked loop in synchronous reference frame

The transfer function of the PLL can be shown as

K Ky
S p+Ti

Gpr(s) = (3.34)

2 _p
S +st+ T,
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By modifying the transfer function (3.34), a standard second order transfer function

could be obtained

20wy s + wy?
s?2 + 2{w,s + w,?

GprL(s) = (3.39)

where K and T; are defined below by assuming that settling time, Tse is 3.9/(wn

. 18

P Tset (3.36)
— Tset{2

' 1.95

Selecting the damping ratio, { as 0.707 provides an overshoot under 5% and the

settling time, T as 0.04, Pl parameters can be calculated using (3.36).

When the grid voltage is not distorted, a high bandwidth for the PLL can be set and
it yields a fast and precise detection of the phase angle. On the other hand, the effect
of distorting components can be attenuated by reducing the PLL bandwidth. A
detailed investigation on the bandwidth and performance relationship of the PLL
analyzing the effect of voltage unbalance and voltage sag is given in [26]. An
additional second order low-pass filter with a cutoff frequency of 20 Hz could be
used to obtain the average voltage of the d-axis component, Vq4. Then, the
reconstruction of the voltage is needed.

For severe disturbances such as asymmetrical components in the voltage or
variations in the supply frequency, more complex PLL structures including adaptive
filters and estimators shall be used. Double synchronous reference frame PLL,
synchronous reference frame PLL with positive sequence filter, synchronous
reference frame PLL with sinusoidal signal integrator and double second order
generalized integrator PLL are alternative PLL techniques used for utility

applications of power electronics.
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3.3.3. Current Control

Different current control approaches are presented in the literature. Using only
proportional controllers cause steady-state errors. An integrator is placed in the loop
to achieve zero steady-state error. A further improvement is accomplished by
replacing the integrator with a P1 controller. The tracking performance even for slow
system poles is improved due to the zero of the PI controller. The parameters of the
P1 controller are the proportional gain K, and the integrator time constant T;. The
transfer function of the PI controller is given as

STi +1
STi

Gpi(s) = K, (3.37)

The filter capacitor, Csis neglected for the control design since the current controller
operates at the grid frequency [3], [52], [63]. The effect of C; becomes noticeable for
higher frequencies. With this acceptance, the grid side current, ic4q and the converter
side current, iqqq becomes identical as in the case of simple L filter. Therefore, the

equations given in (3.33) can be simplified as

. d .
Zc,dq = gridlc,dq + (Lc + Lg + Lgrid) %Ec,dq + Egrid,dq (338)

The current controllers are designed in dg-frame hence the decomposition of the

above equation along d and q axes is shown in (3.39) with the decoupling terms.
. d . .
Vc,d = Rgridlc,d + (Lc + Lg + Lgrid) Elc,d + Egrid,d - wg(Lc + Lg+Lgrid)lc,q

(3.39)

. d .
Vg = Ryridicg + (Le + Ly + Lyria) 7 lea + Egrigg + 0g(Le + Ly+Lgria)ica

Current controller employs either CCF or GCF. The illustration of these two
methods is shown in Figure 3.16 (a) and (b) respectively. Apart from the feedback
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variable, the only difference is that the g-axis reference input of the CCF is not zero
as in the case of GCF. Due to the presence of filter capacitance, the phase
information taken from the converter side does not match with the grid phase angle.
The g-axis reference is therefore set as wyCiVyq Iin order to compensate the phase
difference. For light loads, the unity factor operation is guaranteed via nonzero
reference value while the unity power factor at the grid terminals is achieved even if

the reference value is set to zero in the case of CCF.

The tuning of PI controller parameters are done in the same way for both methods
since the filter capacitance is neglected while designing the controller as mentioned
above. The tuning method is based on the symmetrical optimum [9], [52] owing to
decoupled d and q axis components. It should be noted that the decoupling terms are
found using (3.39). The feedforward terms, Vg4 and Vg4 are added to the controllers

to compensate for the grid voltage [54] as shown in Figure 3.16.

lgd
ﬁ: —
lgd

- vc,d* - wg(Le + Ly

— vc,d*
* i *
— vc,q 9.9 wy(Le + L, — vc‘q
i *
9.4 Pl
=0
Vgq
(b)

Figure 3.16 Current control using (a) converter current feedback (CCF) and (b) grid
current feedback (GCF)

The L filter approximation gives K, and T; values of the PI controller as follows
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Lt

p =
a; Tsamp

(3.40)

— 2
Ti = Tsamp

where o; is the proportion of T; to Teq. The relationship between a; and the phase

margin of the controller, y can be expressed as

1+ cosy
o = —m——
' siny

(3.41)
A satisfactory amount of disturbance rejection with an acceptable level of overshoot
as the response to the step change of the reference can be satisfied by maximizing
the phase margin (i.e. w > 45). If y > 45 substituted in (3.41), & is found
approximately as 2.4. However, it is stated that selecting «; as 3 yields an overshoot
of approximately 4% and the settling time of 3-4 control periods [5].

Emerging technological developments in digital processors are adopted by power
electronics designs as well. Increased computational capability and faster analog to
digital conversion time of microprocessors, digital signal processors (DSPs), and
field programmable gate arrays (FPGAs) have led to advanced control techniques
with reduced delays. However, the transformation of the signals from analog domain
to digital domain is done by sampling and it has a certain delay which cannot be
ignored. The most adopted sampling methods are single-update with sampling at the
start of the switching period, single-update with sampling in the middle of the
switching period and double update with sampling twice in each switching period
[64].

At the k™ instant the controller is able to set the PWM duty depending on the
modulation index, m; value updated in the previous control cycle. Therefore the
PWM is adjustment is always one control cycle behind the real currents measured

from the system. This issue is addressed as sampling delay or PWM transport delay
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in PWM power electronics converters [3], [8], [52], [65], [66]. Figure 3.17 and
Figure 3.18 demonstrate three PWM update methods by emphasizing the differences
between these methods.

Sampling Sampling Sampling Sampling
Update Update
Modulationdndex Modulation-Index M DLLPU‘:::;“_ M ;‘Lﬁ:ttiin_
\ \ Index Index
4 ﬂ ﬂ
Carrier= Carrier-
| Signal —_ Signal
M(k-1) M(k) Modulation- M(k-1) MK Modulation-
Index Index
L L
Gate- Gate-
Signal Signal
k k+1 k k+1
Tswitch = Tconhol Tswltch = Tcuntrol
(@) (b)

Figure 3.17 PWM update methods (a) single-update with sampling at the start
(b) single-update with sampling in the middle [64]

Sampling Sampling

Update Update
Modulation-] Modulation-

Index Index
Carrier-
Signal
M(k-2) Mik-1) Modulation-
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Gate-
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k-1 k k+1

Tswiteh = 2:Teontrol

Figure 3.18 Double update PWM method

In Figure 3.17 (a) the sampling and the update of the modulation index are done

simultaneously. The modulation index value does not change during any sampling
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period as the updates are done at the beginning of each PWM switching period. The
comparison of the voltage set value and the triangular carrier wave are done twice in

each PWM switching period.

Apart from the first method, Figure 3.17 (b) describes the single-update method with
sampling in the middle of the switching period. The sampling is done in the middle
of the switching frequency while the update of modulation index is carried out at the
end of the switching period. The modulation index is updated during the control
(sampling) period but the comparison of the voltage reference value and the
triangular wave is done using the previous value of the modulation index as in the
first method. The time difference between the sampling ant the update of the
modulation index is reduced hence a more accurate result is obtained. The actual
values of the currents are sampled a half switching period before the update of the

modulation index.

Double update PWM method shown in Figure 3.18 leads to asymmetrical PWM
signals unlike single-update PWM methods in which the PWM signals are
symmetrical. This may lead to undesired current harmonics at the grid side.
Nevertheless, the bandwidth of the controller is doubled using double update
method. As the controller bandwidth is doubled, the phase margin of the controller
decreases which may lead to higher overshoots. The sampling and the update of the
modulation index are done simultaneously and the modulation index is updated
during the sampling period. For the next sampling period, the modulation index is
updated again hence two different modulation index values are used while
generating the PWM signal.

The PWM update method utilized in the current controller design process is double
update. The sampling frequency, fsamp Of the current controllers is set as the twice of
the switching frequency, fy,. For high power applications with limited switching
frequencies around a few kilohertz, this method extends the bandwidth of the

controllers.
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In digital control of modern power electronics devices, significant delays occur in
the control loop such as processing delay (analog to digital conversion, computation
etc.) and PWM transport delay as stated above. Generally, processing delay is taken
as one sample delay while PWM transport is deemed as one half sample delay. By
reducing the LCL filter to a first order delay element [64], the single-phase

representation of the current control loop is given in Figure 3.19.

Processing Pl PWM Delay 1wy, LCL-Filter
Delay Controller Plant
i 1 ST+ 1 Kewm Koo, i
KP > Tsamp >
1+ STsamP STi 1+ ST 1+ STLCL

Figure 3.19 Single-phase block diagram of current control loop

where Tsamp IS the sampling time, ugis is the disturbance voltage modeling the impact
of variations in the grid voltage. Kpwy is proportional gain constant of the PWM
block, K ¢ is proportional gain constant of the LCL-filter plant, and T.c_ is time

constant of the LCL-filter plant.

The delay elements can be combined to simplify the current control structure. The
equivalent delay time, Teq is taken as 1.5Tsamp and the block diagram is shown in
Figure 3.20.

Pl Equivalent Ugis LCL-Filter

Controller Delay Block Plant
i K L
X sT; +1 PWM KicL
p ST'i 1 + STeq 1+ STLCL

Figure 3.20 Simplified single-phase block diagram of current control loop
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The controller design can also be carried out in the discrete domain by importing the
PWM and sampling delays as in [55], [64], [66]; however, continuous domain

design of the controllers is widely accepted and utilized method in the literature [3],

[5], [6], [9], [50].

Generating PWM signals is also an important part of the current controller design.
There are numerous PWM methods presented in the literature. A survey on the
modulation strategies widely used in power electronics converters are presented in
[67]. A guideline for PWM in power conversion with space vector definition is
given in [68]. Both carrier-based and carrierless PWM techniques applied on open-

loop and closed-loop control are also given.

Space vector modulation (SVM) algorithms replacing sinusoidal pulse-width
modulation (SPWM) have become popular with the wide use of voltage source
converters. The methods are developed for a specific number of levels and the
complexity of the methods increase as the number of the levels increase. The
computational effort and the complexity are reduced with the application of space
vectors for the switching of power semiconductors. The space vectors resulting from

a balanced three-phase system are shown in Figure 3.21.

V3(010) V3(110)

me

T~ Vier uax

V4(011) V4(100)

Vo(000)  (ty/To)Vy
V+(111)

Vs(001) Ve(101)

Figure 3.21 Eight possible space vectors for a three-phase PWM-VSI
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The reference voltage vector formed by space vector transformations is synthesized
with two adjacent vectors and one or both of the zero vectors. Various SVM
algorithms can be applied by changing the sequence of vectors and the selection of
zero vectors. The differences mainly occur in THD, switching losses, harmonic

spectrum, dynamic performance, and torque ripple for motor drives.

The generation of PWM signals does not require trigonometric functions, look-up
tables or coordinate system transformations; it is carried out using simple equations.
The reduced computational effort makes the application of online calculated PWM
possible. Most frequently used SVM techniques are space vector pulse-width
modulation (SVPWM) and discontinuous pulse-width modulation (DPWM) shown
in Figure 3.22 (a) and (b) respectively. Depending on the modulator phase angle,
various DPWM techniques are derived. A commonly used one is DPWM1 with the

modulator phase angle of 30°.

In Figure 3.22, zero-sequence signals of SVPWM and DPWML1 derived from the
reference three-phase signals are shown. Phase-A reference signal is purely
sinusoidal and the modulation signal which is the sum of the zero-sequence signal

and the phase-A reference signal is modified sinusoidal.

Apart from the abovementioned SVM techniques, active zero state PWM
(AZSPWM), near state PWM (NSPWM), third harmonic injection PWM
(THIPPWM), and remote state PWM (RSPWM) are other techniques reported in the
literature [69], [70]. SVPWM and DPWML1 are applied as PWM generating
techniques in this study. SVPWM is superior to DPWML1 in the low modulation
index range. As the modulation index increases, the SVPWM performance degrades
and DPWM1 becomes more effective in the high modulation index range [67].
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Figure 3.22 Modulation waveforms of (a) SVPWM and (b) DPWM1

3.3.4. DC Voltage Control

The power exchange between the load and the source is balanced by the control of

DC-link voltage. The set value of the d-axis current component is adjusted by the

DC-link voltage controller. The dynamics of the DC-link voltage can be stated in
(3.42) [3], [52], [71]. Here Cp is the DC-link capacitor, ip is the source current,

and isource IS the injected current to the VSC.

Cpc dt = lsource — pc = lsource —
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The voltage control loop is designed 5-20 times slower than the current control loop
[9]. The difference between the bandwidths of these two loops provides the
necessary decoupling of controllers. The inner current loop is simplified as a delay
element with four sample time (Tinner = 4Tsamp) for the design of the outer DC-link
voltage control loop. The block diagram of the DC-link voltage controller is

demonstrated using (3.42) in Figure 3.23 below.

Pl Inner Current . DC-Link
Controller Loop Lsource Capacitor
Vie sTpc +1 lg.d 1 lgd | 3Vga |ipc 1 Vpc

v

KDC PR - -
‘i STDC 1+ STinner ZUDC SCDC
Vbe

Figure 3.23 Block diagram of DC-link voltage control loop

The symmetrical optimum method is also valid for the determination of DC-link
voltage controller’s proportional gain constant, Kpc and integral time constant, Tpc.

These parameters are found using

VocCnc

Kpe = —2
DC T.
3 Apclinner vgrl’d,d

(3.43)

2
TDC =Upc Tinner

Where ap is suggested as 3 in [52] and the bandwidth of the voltage controller is 9

times narrower than the bandwidth of the current controller.

3.4. Stability Assessment

The stability of the cascaded control loop system in the literature is based on the

stability of the inner current loop. Therefore, the DC-link voltage control loop could
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be ignored and modeled as a DC voltage supply without investigating the stability of
it [3], [5], [6], [8]-[10]. As an alternative common approach in the literature, discrete
z-domain analysis in conjunction with root locus of the open-loop system’s transfer
function is generally applied in stability analysis due to the discrete nature of the
control algorithm [5], [9], [52], [64].

The stability analysis is carried out using bode diagrams and pole-zero diagrams of
the investigated systems via MATLAB®. For this purpose, open-loop and closed-
loop transfer functions of the system with LCL filter under different damping
approaches are derived in the next chapter. However, a brief knowledge on the

stability issue is given here.

The admittance transfer function of the LCL filter is given in (3.6). The resonance
problem of the undamped LCL filter is suppressed using simple passive damping.
The transfer function regarding the passive damping is given in (3.8). Using these s-
domain transfer functions, the bode diagram of the undamped and damped LCL filter
can be sketched as in Figure 3.24. The resonant peak is smoothed using simple

passive damping approach.

Using the pole-zero map of the same transfer functions with continuous time
analysis, Figure 3.25 is obtained. The undamped transfer function does not have any
zero. Three poles, one at the origin and two conjugate symmetric on the imaginary
axis are seen. The poles concerning the resonance are placed on the imaginary axis.
These poles disturb the stability of the system and shall be moved to the left hand
side of the imaginary axis. With the application of passive damping, the resonant
poles are pushed to the left hand side of the y-axis satisfying the stability. Due to
passive damping, an additional zero occurs on the x-axis. As it is seen from the pole-
zero map, the low frequency pole location does not change, meaning that the
dynamic response of the system is not affected by the introduction of passive
damping. This can be verified using Figure 3.24 as well. The low frequency
behavior of the filter is not affected when the filter is passively damped.
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Figure 3.24 Bode diagram of the undamped and passively damped LCL filter
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Figure 3.25 Pole-zero diagram of the undamped and passively damped LCL filter
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3.5. Summary and Conclusion

This chapter presents a design and control overview for a WECS. Based on the
knowledge stated in Chapter 2, the converter type is selected. DC-link voltage and
capacitance value, switching frequency, pulse-width modulation technique, and grid
side filter are chosen. Moreover, the theoretical analysis on the PWM-VSI with LCL
filter is conducted in this chapter. Starting from the mathematical model and
frequency analysis of simple L filter and LCL filter, the control of a PWM-VSI
together with a grid side LCL filter is presented. The conventional design process of
an LCL filter is described step by step. The controller design is analyzed deeply by
specifying three-phase space vector transformations, phase locked loop algorithm,
digital sampling of feedback variables, current controller, and DC-link voltage
controller. An introduction to PWM methods is also stated. At the end of the
chapter, stability analysis of the undamped and passively damped LCL filter is

carried out.

The requirements on the grid side converter define the converter topology. To
comply with the grid codes with reduced complexity and reduced switch count, 2L
back-to-back PWM-VSI is chosen. Due to 690 Vns line-to-line voltage of the
selected generator, the converter is also designed in LV and the DC-link voltage is
set as 1070 V. The power semiconductors are selected with 1700 V and 2400 A
rated values. Paralleling of two IGBTSs is required to satisfy the current flow through
the converter. DC-link capacitor value is proposed and the number of capacitors is

defined for the selected high density film capacitor.

The switching frequency together with the modulation technique is analyzed briefly
using the efficiency curve obtained for SPWM, SVPWM, and DPWM1 techniques.
The apparent advantage of DPWM1 over SPWM and SVPWM is presented. The
switching frequency is also defined as 1.2 kHz leading to the overall efficiency close
to 99%.

The control method generally applied for 2L back-to-back PWM-VSI is

synchronous frame voltage oriented control. This method is chosen due to easiness
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in implementation. The grid side harmonic filter is proposed as LCL filter. The

advantages of LCL filters over tuned LC trap filters are stated. The design of LCL

filter for high power systems is reviewed and sub-blocks of the controller are

presented.

After the presentation of individual control loops, the combination of the control

structure and the hardware demonstration is given in Figure 3.26.
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Figure 3.26 VVoltage oriented current control of a three-phase PWM-VSI with LCL

filter

Both the DC-link voltage and the current control are utilized with P1 controllers with

the transformation of three-phase currents into dg-frame. The reference tracking

capability of the controllers increase as the signals are transformed into DC values.

The decoupling terms are used in the current controllers to eliminate the effect of

each axis component on the other one. The PWM strategy used in the design is
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based on space vector modulation; mainly DPWM1 and SVPWM are used. The
current feedback is measured from the grid side for better control of the grid
currents. The resonance damping is basically provided by passive damping
techniques for high power systems. However, AD methods could also be used for

small or medium power systems up to a few hundreds of kilowatts.
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CHAPTER 4

RESONANCE DAMPING METHODS

Resonance damping methods or simply, damping methods for LCL filters are
introduced in this chapter. Due to the inherent resonance problem of 3 order LCL
filter, the harmonics produced by the PWM-VSI or grid originated harmonics could
be amplified by the filter and cause the instability of the WECS hence the whole
system could be destroyed. As the solution to the inherent resonance phenomena
stated in the literature, passive or active damping methods are utilized. In addition to
active and passive damping methods, advanced passive damping methods especially
for high power systems are reviewed in this chapter. Moreover, two novel damping

methods based on switch mode converters are presented.

In the literature, various active and passive damping methods are proposed in order
to deal with the resonance issue of LCL filters [4]-[10], [51], [65], [72]. With the
development of active damping (AD) methods, the use of passive damping (PD)
methods has declined due to power losses associated with the damping resistors. AD
methods modify the reference voltage signal of the controller whereas PD methods
physically insert passive elements with the LCL filter not to excite resonant
harmonics. The frequency characteristics of AD and PD methods are reflected in
Figure 4.1. The suppression of resonant peak and the phase transition at the resonant
frequency differ in each case. The behavior of the filter at frequencies higher than
the resonant frequency is also a distinctive point to be noted that PD reduces the
filtering performance while AD maintains the same characteristics with the

undamped LCL filter throughout the whole frequency spectrum.

The resonant frequency of the LCL filter is selected usually below the half of the

inverter’s switching frequency. For high power inverters, the resonant frequency is

105



unfortunately very close to the switching frequency by design limitations. Further
decrease of the resonant frequency leads to bulky and costly filter elements.
Moreover, the voltage drop on the filter inductors increase and the system may not
be controlled. On the other hand, further increase of the resonant frequency leads to
smaller filter elements; hence, the output line current THD (typically below 4%)
cannot be satisfied. As a result, an optimized multi-megawatt inverter has very close

switching and resonant frequencies and passive damping of the system is inevitable.

Bode Diagram
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Figure 4.1 Bode diagrams of undamped, passively damped and actively damped
LCL filter

As mentioned above, passive damping losses are not acceptable for high power
inverters and losses should be minimized to reduce the cooling expenses and the
mechanical dimensions of the system. The proposed switch mode converter based
damping (SMCD) methods suppress the resonant harmonics by emulating resistors

in series with the filter capacitors. The name of the proposed topologies, SAF
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compensated LCL filter is originated from the idea of emulating series resistors. The

details are given in the following sections.

Passive and active damping methods as well as natural damping which is the
realization of the inherent damping property of the controller are described in detail
at the beginning of the chapter. The limitations of each method are stated as well as
the advantages. Since the focus of this study is high power inverters, passive
damping methods are analyzed with various topologies namely, advanced passive
damping methods. The power dissipation on passive damping elements is found
above the acceptable limits; therefore, the efficiency rating of the system cannot
reach the predefined efficiency target. A wise approach by emulating series resistors
via switch mode power converters is utilized to reduce the power losses associated

with the passive damping elements.

4.1. Natural Damping

Conventionally, the current feedback is measured from the grid side but the
converter current can alternatively be measured for the feedback control. The g—axis
current (phase component) should be set to wyCiVyq instead of zero in order to
perform with unity power factor, as the grid side current is not controlled directly.
Natural damping (ND); on the other hand, is not a damping method itself. It is the
understanding of inherent resonance damping capability of the current control loop

when converter current feedback (CCF) is applied.

The converter side current feedback has an inherent damping term which is
explained comprehensively in [9]. The location of the resonant frequency with
respect to the critical resonant frequency, wcri: in the frequency spectrum defines the

regions of damping. wcrit is defined as

T

Werit = 3T (4.1)

samp

where Tsamp IS the sampling frequency as discussed in the previous chapter.
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The application of converter side feedback is limited to power converters of several
tens of kilowatts whose resonant frequencies are below wcit. As the power rating of
the converter increases, the positions of these two frequencies interchange to provide
an optimum design in terms of LCL parameters. Hence, the natural damping
approach becomes invalid for high power rating inverters. The block diagram of

CCF control method can be shown as in Figure 4.2 [6].

( LCL-Filter Plant G(s) )
Vc* 1 ic icf 1 Vet 1 ig
> — > — >
PosTy sL, sCy sLy
P1 Controller
O | § )

Figure 4.2 Block diagram of CCF control

The equivalency of CCF to GCF except for an additional ics term is shown in Figure
4.3 using block diagram transformations. The inherent damping term is explicitly
shown such that the resonance damping effect is enforced by this term [6]. From the
open-loop transfer function shown in (4.2) it can also be deduced that damping

factor is adjusted by the current controller gain, Kp.

4 . N
LCL-Filter Plant G(s)
K sT; +1 Vc*‘ 1 ic icf 1 VCL 1 Ii
PosT, o sL, % sCr T sk o
P1 Controller A
Ge(s) X )

icr = LyCrs?iy

Inherent Damping Term

Figure 4.3 Modified block diagram of CCF control
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Iy(s) B K,(s+1/T;)
I,(s) ~ s%CLcLy + 53K, CrLy+52(KyCrLy /Ty + Le + Ly)

(4.2)

The inherent damping does not exist when the grid current is measured as the current
feedback, hence CCF could be deemed as more stable than GCF where applicable.
The deviation of LCL filter parameters due to aging, temperature variation, and
system uncertainty is a challenging task for optimum design of the controller using
GCF without additional damping. If only the inherent damping characteristic of CCF
Is relied on, the system may not achieve stability. However, a tuning of the damping

factor is proposed in [6] at the expense of a deteriorated transient response.

4.2. Passive Damping

The easiest way to remove the resonant peak of the LCL filter is to add damping
resistors as proposed in [4], [7]. However, the power losses in conjunction with the
damping resistors create a major problem; so that, the method producing the
minimal losses, adding a resistor in series with the filter capacitor, Cs is selected. The
application of simple PD structure is shown in Figure 4.4. Without passive damping,
the LCL filter transfer function is 3rd order but it reduces to 2" order when passive
damping is applied. The 2" order characteristic of the filter when passive damping

applied is clearly seen in (3.8).

Any change in the resonant frequency owing to the aging, stray
inductance/capacitance in the system, or large tolerance in the components does not
affect the stability of the system since there is always nonzero impedance at the filter
capacitor branch eliminating the resonance [4]. Hence, PD guarantees the stable and
long-lasting operation of the system. Besides, unlike AD methods, there is no need
to use additional voltage and/or current sensors in PD methods. On the contrary,
dynamic response of the system diminishes with the addition of damping resistors to
the LCL filter
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Figure 4.4 Simple PD structure applied on a 2L PWM-VSI

A non-zero impedance path for the undesired current harmonics is created by
inserting passive components to the LCL filter. In this way, the stabilization of the
system is achieved while the harmonics transferred to the grid are reduced. For 4%
overshoot, the damping ratio should be 0.707; hence, the damping resistor should be
selected in accordance. Moreover, the minimum value of the damping resistor is

approximated as 20% of the capacitor’s impedance at @ = wyes [7].

The single-phase representation of LCL filter with damping resistors connected in
series with the filter capacitor and the block diagram representation are shown in
Figure 4.5 (a) and (b) respectively. Equation (3.8) can also be verified using the
block diagram representation.

At low frequencies, the impedance of the capacitor is dominant with respect to the
damping resistor while the impedance of the damping resistor is much higher at
higher frequencies. Since the impedance of the capacitor is low enough to attract
high frequency switching harmonics, a non-zero impedance shall be placed for those

harmonics creating the resonance problem.
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Figure 4.5 Simple passive damping with LCL filter (a) Single-phase representation
(b) Block diagram representation

Apart from the series-connected damping resistor approach, complex damping
methods can be applied with the addition of reactive components to the LCL filter;
however, the cost and size of such damping methods cannot be ignored. The power
losses related to complex damping methods are reduced to one fourth of the simplest

case [7]; nevertheless, it is still very high for multi-megawatt inverters.

For small power applications up to tens of kilowatts, damping resistance does not
create significant reduction in the efficiency. For medium power converters up to
hundreds of kilowatts and high power converters with several megawatts rating; on
the other hand, the power losses are extremely high leading to additional cooling
cost of the WECS.

Since the efficiency target of the multi-megawatt systems are around 99%, the
switching frequency is reduced down to a few kilohertz. The current harmonics;
however, increase in magnitude due to low switching frequency. Hence, the
components of the LCL filter are selected such that the grid codes specified by the
TSO are satisfied. If only gigantic filter inductors are selected, the resonant
frequency is placed away from the switching frequency [13]. Nonetheless, bulky and
costly inductors are not allowed in WECS. Moreover, high inductance in the grid

connection reduces the dynamic behavior of the system. As a result, necessary
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damping shall be provided using PD for high power systems not to be affected by
the switching harmonics of the PWM-VSI [4].

With the additional damping resistor, the current harmonics injected to the grid
increase as the filter attenuation is reduced. A tradeoff between the stability of the
WECS and low current THD value is adjusted by the selection of damping resistor.
The bode plot and the pole-zero map obtained via MATLAB® are given in Figure
4.6 and Figure 4.7 respectively. The figures demonstrate the effect of damping
resistor value on the characteristic of the LCL filter. As the damping resistor
increases, the stability of the system gets harder to achieve. The zero location along

the x-axis moves towards left, meaning that the settling time of the system increases.
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Figure 4.6 Bode plots of the passively damped LCL filter for various Ry.
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Figure 4.7 Pole-zero diagram of the passively damped LCL filter for various Ry

4.3.  Active Damping

Active damping (AD) methods utilize extra sensors to sense the filter capacitor
current/voltage or complex state observers to modify the reference voltage generated
by the controllers [5]. The current through or the voltage across the filter capacitor is
sensed and added to the reference voltages through proportional or derivative
controllers depending on the sensed parameter. In this way, the controller does not

allow any resonant harmonics to be amplified by the inverter.

Filter based active damping methods by changing the reference voltages of the
controller are also used without any state feedback via controllers. The verification
of active damping has been done by various researches [5], [8], [9]; however, the
limitation of the controller bandwidth is a major issue for high power inverters [4].
The sensitivity of active damping to parameter variations is another drawback of this
method.
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In this study, filter capacitor current, ics information is used in order to achieve AD
in the current control loop. If the voltage across the capacitor, Vs is used, the AD
loop employs a derivative controller which may disturb the stability of the system. In
real life applications, derivative controllers are not favored due to the amplification

of high frequency and noise by the controller.

The additional AD loop together with the LCL filter plant, Gy(s) is shown in Figure
4.8 below. The controller used in the AD loop is simply a proportional controller

with the gain Kj.

Figure 4.8 Block diagram of AD loop with the LCL plant

For the above representation Gy(s) is defined as

Icf(s) 1 S
_ _1 43
GO =V T T we? 43)

Hence, the closed-loop transfer function having an s term is shown in (4.4). The
damping is provided by this term. A virtual resistance is added to the control loop

while the physical structure of the filter is not changed at all.
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Gp(s) 1 s

Gy ap(s) = —2)___ 2
p.AD 1+ Gp(S)Kd LC SZ +5 %'{‘ wresz (44)
c

AD can be applied either on GCF or CCF. Figure 4.9 shows the application of AD
using the filter capacitor current on GCF method. The open-loop characteristic
should include the damping term to eliminate instability. Stability analysis using the

pole-zero map is also conducted with open-loop transfer function in (4.5).

(" LCL-Filter Plant Gp(s) h

«

ST, + 1 Ve 1 le et 1 Vet 1 I
—_ -
PosT, t

Ll Ll

E sL

PI Controller
G(s)

Figure 4.9 Block diagram of GCF with AD loop

Iy(s) _ K,(s+ 1/T;)
I.(s) s*CfLcLg+ s3K4CpLg + s%(Le + Lg)

(4.5)

The degree of damping is adjusted by changing AD controller gain, Kq. The sizes of
filter components are also effective when adjusting the damping degree. For
optimum damping with 5% overshoot, the damping ratio, ¢ should be set as 0.707
[6], [9]. Therefore, K4 can be found using (4.6).
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K;=2( |———= (4.6)
Lng

If AD is applied on CCF, Figure 4.10 is obtained using the modified block diagram
of CCF. The open-loop transfer function as in GCF case is derived in (4.7). It can be
understood that the current controller gain, K, and the AD gain, Ky has the same

influence on the damping extent of the system.

LCL-Filter Plant Gy(s)

sT; + 1 1 ic et 1 VcL 1 Iy

K — M — - L
PosT, sL, ? sCy sLg
P1 Controller A A

Ge(s)

(e

. _ 2 . f
Inherent Damping Term l AD Gain J

Figure 4.10 Block diagram of CCF with AD loop

Iy(s) _ K,(s + 1/T;)
I.(s) s*CeLcLg+ s3(Ky + Kq)CpLlg+s?(KyCply /T, + Lc + L)

4.7

Similar to the previous case, the current controller gain and the AD gain are adjusted
as shown in (4.8). It should be noted that the effect of AD on the stability of the
WECS using CCF is limited due to the presence of an inherent damping term

yielding the very same effect.
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K, +K; =2 /—
p L,Cr

(4.8)

The pole-zero diagram shown in Figure 4.11 demonstrates the behavior of closed-

loop poles. Without AD, GCF does not achieve stability as it is discussed previously.

The conjugate symmetric poles of the undamped system are pushed to the left hand

side by applying AD on GCF. On the contrary, CCF satisfies a stable system without

AD. With the addition of AD gain, the closed-loop poles of CCF method only moves

within the stable region. This fact supports the finding derived in (4.7). The damping

coefficient inherent to CCF is summed with the AD gain, Kd and
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Figure 4.11 Pole and zero locations under GCF with AD, CCF with and without AD
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4.4. Advanced Passive Damping

PD is an unproblematic solution to the resonance issue of the LCL filter as stated in
the previous section; however, the losses caused by PD are extremely high
especially for high power WECS. The resistive losses may increase up to 2% of the
WECS’s rated power and the efficiency of the overall system decreases severely.
Advanced passive damping methods could be used instead of simple passive

damping only with resistors.

The topologies analyzed in this study are proposed in [7]. The calculation of
resistive losses is stated but the frequency characteristics are not given. The damping
extent and the suppression of the resonant peak are very important for the optimum

design of LCL filter as well as the overall efficiency of the design.

In the following, four different LCL filter topologies combined with reactive
components are presented. In each case, inductors of the LCL filter on the grid side
and on the converter side are assumed the same as it is stated in the design process in
Chapter 3.

4.4.1. Design of Advanced Passive Damping Methods

Figure 4.12 below shows advanced passive damping methods. Reactive elements are
connected in series or parallel with the damping resistors in order to provide a
suitable impedance path for the resonant harmonics.

An additional damping inductor is connected in parallel with the damping resistor in
Figure 4.12 (a), Type 1. At the fundamental frequency w= wq the inductor in parallel
with the resistor should provide a low impedance so that the resistive losses are
minimized. At the resonant frequency w= wyes the resistor must accept the dominant

part of the current flow through itself for a suitable damping performance.
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Figure 4.12 Advanced passive damping methods (a) Type 1, (b) Type 2, (c) Type 3,
and (d) Type 4

Transfer function of the abovementioned damping schematic is given in equation
(4.9). The characteristics of the advanced damping method shown in Figure 4.12 (a)
is similar to the simple passive damping case as the transfer function is in the order
of two. The damping inductor value is calculated using the equation (4.10). The
impedance ratios of Ry and L4 at the fundamental frequency and resonant frequency

are kept equal for keeping a proper balance.

Ig(S) _ SZCdeRd + SLd + Rd

Y. = =
rype 1(S) V.(s) bys*+ bys3 + bys? + bys
b4 = CfLCLng
b3 = CfRd(LCLg + LCLd + Lng) (49)

b, = Lg(Lc +Ly)

by = Ry(Lc + Ly)

Rd deres

Low, = R, (4.10)
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In Figure 4.12 (b), Type2, a damping capacitor is added in parallel with the inductor
and resistor for reducing the losses with regard to switching frequency harmonic. A
very small impedance path is created by inserting the damping capacitor. At o= wsy
the dominant current flow path is through the capacitor while the resistor is the only
effective element at w= wrs. As the switching frequency and the resonant frequency
are very close for high power inverters, it would be risky to create a small
impedance path. The resonance may be triggered by harmonics at the sideband of
the resonance even if they are very small. In the frequency characteristics, it is seen

more clearly.

Transfer function related to Figure 4.12 (b) is derived in equation (4.11). The third
order transfer function may provide an advantage for removing the switching

harmonics. The value of damping capacitor is calculated using (4.12).

Ig(S) _ SZ(CdeRd + CdeRd) + SLd + Rd
V.(s)  bgs®+ bys* + bys3 + bys? + bys

YType 2 (s) =

b5 = CfLCLngLdCd

b4_ = CfLCLng

(4.11)
b3 = Rd(CfLCLg + CfLCLd + CngLd + CdLCLd + CdLng)
by = Lg(Lc +Ly)
by = Rg(Lc + Ly)
1/C R
/ dWres _ d (4.12)

Rd B 1/desw

Most of the current harmonics at the switching frequency are bypassed through the
filter capacitor, Cs in Figure 4.12 (c), Type 3. The resistive losses are eliminated
while the damping performance of the filter is kept satisfactory. The value of the

damping capacitor is the same as in Type 2.
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Transfer function of the filter shown in Figure 4.12 (c) is derived in the equation
(4.13) below. The third order characteristic of the filter is maintained as the indicator

of superior performance for removing the high frequency switching harmonics.

Ig(S) _ SCde +1
V.(s)  bys* + bys3 + b,s? + bys

YType 3 (s) =

b4 ES CfLCLngCd

4.13

b, = CqRy(Lc + Ly)

b1:Lc+Lg

Lastly, a more advanced topology is shown in Figure 4.12 (d), Type 4. The damping
inductor is connected in parallel with the damping resistor as the difference from
Type 3. The resistive losses at the fundamental frequency are reduced while the

damping performance is not affected by the insertion of reactive elements.

Equation (4.14) demonstrates the transfer function of the filter in Figure 4.12 (d).
The third order characteristic of the filter reflects the good filtering performance as

in the case of Type 2 and Type 3.

Ig(S) _ SzLdCde + SLd + Rd
V.(s) bgs®+ bys* + bys3 + bys? + bys

YType 4(s) =

bs = CL.LyRgLaCy
by = LcLyLy(Cr + Cy) (4.14)
by = Ry(CrLcLg + CqleLy + CqleLg + CalgLy)
b, = La(Lc +Ly)

by = Ry(L. + L)
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4.4.2. Frequency Characteristics of Advanced Passive Damping Methods

Using the transfer functions given in equations (3.6), (3.8), (4.9), (4.11), (4.13), and
(4.14) the frequency characteristics of the filters are demonstrated. As it can be seen
in Figure 4.13, the undamped case causes an infinite gain at the resonant frequency
which should be smoothed. Simple passive damping provides the necessary damping

effect at the expense of resistive losses.
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Figure 4.13 Bode plots of investigated advanced passive damping methods

Advanced damping method Type 1 is very similar to the simple passive damping in
terms of both the magnitude response and the phase response. -40dB/dec slope in the
magnitude response beyond the resonant frequency is maintained. The phase margin
is almost the same as the phase crossover frequencies are very close to each other.

The magnitude response of advanced passive damping Type 2 is somehow different
as a resonant peak occurs at a frequency very close to the switching frequency.

There is a high risk of resonance for this case. The phase crossover frequency is
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shifted to the right side of the undamped case, leaving no phase margin at all. The

filter should be tuned not to create undesired oscillations.

The responses of the advanced passive damping Type 3 and Type 4 are found to be
similar despite the addition of a damping inductor, Ly. There is a slight difference in
terms of phase crossover frequency. The latter method provides a higher phase

margin and hence a more stable system.

As the resonance problem may be triggered due to a non-zero gain of Type 2 around
the switching frequency, the filter is tuned according to the results obtained from
Figure 4.14. The damping capacitor value is varied from 200 uF to 1200 pF. 200 pF
is found to be more suitable since the resonant peak is diminished although the phase
crossing frequency is shifted towards 1100 Hz. A further decrease of the damping
capacitor value does not make a significant effect on removing the resonant peak.
Moreover, the phase crossover frequency gets closer to the switching frequency.

Hence, 200 uF is selected.

Bode Diagram

NVp—— -
" ) : - | d I r
=

Magnitude (dB)

Phase (deg)

270 = b b 12 b b b IS 2 b 3 L T T f————
10° 10° 10’

Frequency (Hz)

Figure 4.14 Tuning of the damping capacitor value for Type 2
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The overall comparison of bode plots with Type 2 tuned is shown in Figure 4.15.
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Figure 4.15 Bode plots of advanced passive damping methods, Type 2 tuned

4.5.  Switch Mode Converter Based Damping

The proposed SAF compensated systems are investigated under two distinct
topologies: transformer-coupled SAF (TC-SAF) and directly-connected SAF (DC-

SAF) both acting as equivalent series damping resistors.

TC-SAF has three auxiliary single-phase PWM converters connected to a common
DC-bus and each of the auxiliary converters has its own current regulator. The
outputs of the auxiliary converters are shifter by 120° to reconstruct the desired
voltage and current waveforms on the three-phase LCL filter. On the contrary, DC-
SAF has a common auxiliary three-phase PWM converter connected to the LCL
filter via ac coupling inductors. The first topology is thoroughly analyzed in [11] but
an overview is still presented in [12]. Proposed in [12], the second approach;

however, eliminates the coupling transformers and halves the number of auxiliary
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converter switches. The common aspects of these methods are stated via schematics

below.

SAF algorithm is applied to a selected frequency bandwidth in which the resonant
frequency exists while passive damping provides a constant damping ratio along the
whole bandwidth. Simplified circuit diagrams at the fundamental frequency and

resonant frequency are demonstrated in Figure 4.16 and Figure 4.17 respectively.
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Figure 4.16 Single-phase equivalent circuit of SAF compensated system
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Figure 4.17 Single-phase equivalent circuit of SAF compensated system at the
resonant frequency

The subscript “h” denotes the resonant harmonic component of the currents and
voltages. The effect of passive damping is directly applied by an active sub-system

yet a major difference occurs in the efficiency rating of the inverter. The resistive
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losses of PD are transformed to switching and conduction losses of semiconductors
in SMCD.

4.5.1. Design of SMCD Methods

45.1.1. Design of Transformer-coupled SAF Based Damping

The proposed transformer-coupled method offers a suitable solution to suppress the
resonant harmonics appearing in the system for high power inverters operating at
very low switching frequencies. A three-phase 2L PWM-VSI is shown in Figure
4.18 together with 3 auxiliary full-bridge converters. The VSI is connected to the
grid via an LCL filter and current feedback for the closed-loop controller is taken

from the grid side.
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Figure 4.18 Grid-connected 2L three-phase VSI with TC-SAF based damping
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The main inverter cannot be stabilized by active damping due to very low switching
frequency of the inverter. The resonant frequency; on the other hand, has to be
smaller than the switching frequency in order to satisfy the grid harmonics
regulation. The designer should place appropriate LCL filter components in p.u. to
provide suitable harmonic attenuation ratio at the switching frequency and its
multiples. In contrast, the excessive sizes of line and converter side inductors create
a significant voltage drop on the passive components, which should be kept small
(4% typically) by the designer.

The single-phase representation of TC-SAF compensated system is shown in Figure
4.19. Single-phase full-bridge VSI, series injection transformer (SIT) and switching
ripple filter (SRF) are the main parts of the TC-SAF compensated system.

'——-————————I

| 1:n Lau L

V ] T ‘: Caux J?B I
: aux p‘ér} ;Raux I_ | Vaux,DCl
LB ActiveFiter |

Figure 4.19 Single-phase representation of TC-SAF compensated system

SIT provides galvanic isolation between the main and auxiliary inverters. The turns
ratio matches the voltage magnitudes of primary and secondary sides such that the
desired voltage in series with the filter capacitor is maintained. The SIT should have
low leakage inductance to keep the voltage drop on it low. Moreover, the harmonic

127



voltage applied to SIT should not cause overheating. The flux density of it must also

be high in order to prevent magnetic saturation issues.

SRF is a low-pass filter composed of an inductor, a capacitor, and a resistor in the
form of connection shown in Figure 4.19. The high frequency PWM ripple of the
auxiliary VSI’s output voltage is filtered out by the SRF. The required damping of
the second order LC filter is provided by Rau. The cut-off frequency of the filter is
adjusted such that the harmonic attenuation ratio is satisfactory while the filter size

IS kept minimum.

The bode plots of the TC-SAF compensated and undamped LCL filters are given in
Figure 4.20. A better harmonic attenuation performance at the switching frequency
and its multiples is offered by the TC-SAF compensated LCL filter compared to
passively damped LCL filter. Nevertheless, the resonant peak is still present on the

bode plot but with a smaller magnitude.
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Figure 4.20 Bode plots of TC-SAF compensated and undamped LCL filters
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45.1.2. Design of Directly-connected SAF Based Damping

The proposed DC-SAF topology together with 2L PWM-VSI connected to the grid
is shown in Figure 4.21. Single-phase representation of DC-SAF based topology is
also shown in Figure 4.22. DC-SAF components are a three-phase PWM inverter
and a three-phase AC-link inductor, L. The active filter is connected in series with
Cs through Layx.
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Figure 4.21 Grid-connected 2L three-phase VSI with DC-SAF based damping

The voltage at the auxiliary DC-bus is used to implement the selective resonant
harmonics elimination algorithm. Due to high current and low-voltage on the
auxiliary inverter, the semiconductors can be selected as MOSFET instead of IGBT.
The smaller voltage drop on MOSFETs when the device is conducting is very

attractive.

The bode plots of DC-SAF compensated and undamped LCL filters are given in
Figure 4.23. DC-SAF has blunted the resonant peak more effectively than TC-SAF.
The gain at this frequency is below 0 dB, refusing any harmonics to pass to the grid
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side. At higher frequencies, the filtering performance is limited due to first-order
characteristics of the DC-SAF compensated LCL filter. Poor filtering performance of
the filter may result in a higher THD rating especially for switching frequencies of a

few kilohertz.
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Figure 4.22 Single-phase representation of DC-SAF compensated system
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Figure 4.23 Bode plots of DC-SAF compensated and undamped LCL filters
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45.2. Control of SMCD Methods

45.2.1. Control of Transformer-coupled SAF Based Damping

The current through the filter capacitor, Ic is measured and processed by the current

regulators of the auxiliary converters. The current harmonics around the resonant

frequency are obtained from the measured current information via a band-pass filter

and reproduced by the auxiliary converters. The high frequency ripple content of the

auxiliary converters is limited by additional Lax-Caux filters. Hence, a controlled

voltage in the same phase with the resonant current is applied across the SIT

terminals, in series with the filter capacitor. Consequently, the effect of a damping

resistor is applied on the LCL filter through a series transformer. Proposed algorithm

also provides a long-lasting operation for the system.

The control block diagram of the general system is demonstrated in Figure 4.24.
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Figure 4.24 Block diagram of PWM-VSI with TC-SAF

SIT provides coupling between the LCL filter side and the auxiliary converter side. It

also leads to reduced semiconductor losses in the auxiliary converters. Low-voltage,
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high current at the LCL side is transformed to high-voltage, low current at the
auxiliary converter side; therefore, semiconductor losses decrease noticeably. DC-
bus voltage of the auxiliary converters is set to 600V so as to reproduce the resonant

harmonics without entering the over-modulation region.

Proportional controller is applied to filter capacitor resonant harmonic current, I, to
emulate a resistor by means of creating a voltage, Vayu at the output of the auxiliary

VSI. The voltage reference driven by the controller is given in equation (4.15).

Vaux = K *icr, (4.15)

Auxiliary converters work only for s = jwres and the transfer function stated in (3.8)

is recalculated as follows;

Iy(s) sCGK +1
Ve(s)  s3CrLoLg +52CK (Lo + Ly) +5(Le + Ly)

Yre—sar(s) = (4.16)

It is clear that the passive damping and SAF methods produce the same transfer
function for @ = wyes. The auxiliary converter gain, K is replacing the damping
resistor, Ry term in (3.8) and emulates the damping resistor. Passive damping
provides a constant gain along the whole bandwidth while SAF produces a
controlled voltage only at the resonant frequency. The controllable auxiliary system;

thus, increases the overall efficiency of the system.

45.2.2. Control of Directly-connected SAF Based Damping

The controller of DC-SAF compensated system is a proportional controller using the
grid side current information, 1y as the feedback. The measured current is
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transformed into synchronous dq reference frame and a band-pass filter is applied to
select the harmonic components around the resonant frequency. The filtered current

information is then multiplied by the P controller gain. The control block diagram is
shown in Figure 4.25.
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Figure 4.25 Block diagram of PWM-VSI with DC-SAF

The transfer function of the DC-SAF compensated LCL filter is given in (4.17).

Ij(s)  s%Crlaux +SCPK +1
V.(s) b;s3 + b,s? + b;s

Ypc—sar(s) =

b3 = Cf(Lauch + Laung + LgLC) (417)

b, =KCi(L. + Ly)

b1:Lc+Lg

where K is the gain of the auxiliary three-phase PWM inverter.
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4.6. Summary and Conclusion

ND, PD, and AD methods are analyzed in this chapter. The theoretical analyses and
the simulations of all three systems are given. For high power applications such as 3
MW, the application of ND and AD is not possible due to limited controller
bandwidth. PD seems to be the only option for multi-megawatt WECS. The resistive
losses due to PD are not desired; hence, alternative damping structures are validated

through bode plots and simulations as well.

Advanced passive damping methods are also valid options to remove the resonance
as simple passive damping. The current flow path is modified by placing damping
inductors and capacitors connected in series or parallel with the damping resistor.
The losses with regard to the damping resistor are reduced down to 1/3 of the simple
passive damping case. The resistive losses are still too high for multi-megawatt
applications since the damping resistors cause power loss about 2% of the inverter’s
rated power. For a 3 MW application, the power loss due to PD is around 60 kW and
it can only be reduced to 20 kW via advanced PD in the cause of increased
complexity and cost. At this point, the advantages of SMCD methods come into
discussion. The reduced power loss by utilizing SAF based topologies is very much

desired since the long term benefits are worth to implement.

The advantages of DC-SAF compensated system over TC-SAF compensated system
shall be stated. DC-bus voltage rating of the auxiliary converter is reduced from
600V to 200V; hence, high-voltage IGBTSs shall be replaced by cheaper MOSFETS
having lower forward voltage drop. The reduced voltages also mitigate radiated
and/or conducted EMI emissions. Moreover, direct connection of the active filter
part eliminates the usage of heavy SITs, limiting the dynamic performance of the
system and having saturation problems. A possible disadvantage; on the other hand,

is the increase of the auxiliary converter’s current rating.
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CHAPTER 5

VERIFICATION OF DAMPING METHODS

In this chapter, resonance damping methods which are stated in the literature but
lacking the proof on multi-megawatt WECS are verified for a 3 MW WECS by

means of computer simulations. The simulation studies are carried out via Ansoft —
SIMPLORER®™. Moreover, 3 MW PWM-VSI is simulated with different damping

methods. The steady-state waveforms of the proposed damping methods are

demonstrated as well as the load dynamic responses.

Simulation model in SIMULINK® is presented in Figure 5.1. Separate blocks of

PWM-VSI, LCL filter, grid, and control blocks are seen clearly. The control blocks

are presented as sub blocks; PLL, current regulator, active damping, DC-bus voltage
regulator, and PWM.

The parameters of the simulated system are given in Table 5.1.

Table 5.1 Parameters of the simulated 3 MW PWM-VSI

Symbol Quantity Value
Prated Rated power 3 MW
fow Switching frequency 1.2 kHz
§ fsamp Sampling frequency 2.4 kHz
3 Vi DC-link voltage 1070 V
= 2 Grid voltage 690 V
.% fy Grid frequency 50 Hz
s Ly Grid side inductance 80 uH
Lc Converter side inductance 80 uH
oF Filter capacitance 1000 pF
R4 Damping resistance 0.2Q
Lg Damping inductance 160 uH
Cy Damping capacitance 814 uF
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Figure 5.1 2L PWM-VSI simulation model in SIMPLORER
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Although ND would provide a stable system without additional damping, it cannot
be relied on practical applications such as high power grid side PWM-VSI of
WECS. Thus, ND presents a solution only in theory. AD is not feasible for 3 MW
system since the controller has inadequate bandwidth. Therefore, the simulation
studies are not applied for ND and AD due to limited phase margins of the
controllers. Instead, they are applied on 1 MW system which has a wider bandwidth
due to increased switching frequency. The comparison of ND and AD methods are
conducted in Chapter 6.

5.1.  Simulation Results of Passive Damping

Figure 5.26 shows the simulated waveforms obtained from passively damped
system. The converter side, grid side, and filter capacitor current waveforms are
shown during two fundamental period of time at the steady-state.

5.000k

2 500k L™ I NN N NN e (A)

-2.500k

5,000k w! W W —"'\/\,rwv"v W W _u\/\,
100.0m 110.0m 120.0m 130.0m 140.0m

5.000k

2500kl N TN TN TN TN A~y (A)

\
<
|

1

-5.000k

100.0m 110.0m 120.0m 130.0m 140 .0m
1.500k - (A)
ot AL AN AR n g AL o AN AR
PP 110 i A 7 L ekl 1

-1.500k

100.0m 110.0m 120.0m 130.0m 140.0m

Figure 5.2 Passively damped system steady-state waveforms
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In Figure 5.3, passively damped system is enabled at t=100ms when the system
operate with no damping. Then, PD is disabled at t=160ms to demonstrate that the
oscillations start again at the resonant frequency. When PD is disabled, the
magnitude of the oscillations grows as time passes.
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Figure 5.3 Activation of PD from undamped condition

In Figure 5.4, the converter side current, the grid side current, and the filter capacitor
current are demonstrated both at the transition from undamped to passively damped
condition and at steady-state. The high harmonic content in the converter side
current is removed using LCL filter. The enormous magnitude of the filter capacitor
current for the undamped case is controlled via PD. Otherwise; the capacitors would

not withstand such current oscillations.

Dynamic response of PD is shown in Figure 5.5. Both the transition from light load
(20%) to full load (100%) and vice versa are shown in the same figure. The d-axis
current, lqq also shown in Figure 5.5 explains the dynamic behavior of passively
damped system. Due to large LCL inductors, the transition from rated load to light

load takes a longer time.

138



7.500k
5.000k

2.500k

-2.500k

-5.000k
-7.500k
80.0m

| | I (A)
ANV aNlal
N AV VAW%

100.0m 120.0m 140.0m 160.0m 180.0m 200.0m

7.500k
5.000k

2.500k

-2.500k

-5.000k |

-7.500K
80.0m

ly (A)
AN N NN
R A A

100.0m 120.0m 140.0m 160.0m 180.0m 200.0m

7.500k
5.000k

Z.SOOkﬂ

H

e

Ict (A)

-2.500k

-5.000k |
-7.500K
80.0m

100.0m 120.0m 140.0m 160.0m 180.0m 200.0m

Figure 5.4 Current and voltage waveforms during the transition from undamped to

passively damped condition and vice versa
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Figure 5.5 Load dynamic response of passively damped system from 20% load to

rated load then to 20% load again
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The FFT result of the grid side current is shown in Figure 5.6. In the frequency
spectrum, low frequency harmonic components (up to 500 Hz) and resonant
frequency harmonics at the sidebands of 900 Hz mixed with the switching frequency
harmonics at the sidebands of 1.2 kHz are evident. The switching frequency
harmonics around 2.4 kHz are not removed due to the deteriorated filtering
capability of the passively damped LCL filter. For the higher multiples of the
switching frequency, the LCL filter is suitable enough such that no harmonics seen
beyond 3 kHz.
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Figure 5.6 FFT analysis on grid current of passively damped system

5.2.  Simulation Results of Advanced Passive Damping Methods

The steady-state waveforms of the advanced damping methods are given in this part
of the chapter. The current waveforms at the grid side and the converter side
together with the current waveforms through the damping resistors and
inductors/capacitors are demonstrated for Type 1 to Type 4 in Figure 5.7, Figure 5.8,
Figure 5.9, and Figure 5.10 respectively.
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Figure 5.7 Steady-state waveforms of advanced passive damping Type 1
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Figure 5.9 Steady-state waveforms of advanced passive damping Type 3
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Figure 5.10 Steady-state waveforms of advanced passive damping Type 4

144



Dynamic load responses of advanced passive damping methods on the grid side
current from 0.2 p.u. load to 1 p.u. load at t=100ms and back to 0.2 p.u. load at
t=160ms are shown in Figure 5.11 to Figure 5.14 in the ascending order. The direct-
axis current is also shown to demonstrate the settling times at the instants of both

increased and decreased load conditions.
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Figure 5.11 Dynamic load response of advanced passive damping Type 1
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Figure 5.12 Dynamic load response of advanced passive damping Type 2
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Figure 5.14 Dynamic load response of advanced passive damping Type 4

The verification of the advanced damping methods can be easily demonstrated by

activating the filter in the presence of a resonance. On the following figure, Figure

5.15, advanced passive damping methods are activated at t=100ms and deactivated

at t=160ms and the grid side currents are shown. Resonant harmonics are definitely
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removed in less than half of the fundamental period time in most of the cases at the

activation and they immediately start to pollute the grid at the deactivation.
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Figure 5.15 Activation and deactivation of the advanced passive damping methods
in the presence of resonance

The grid side current THD value is an important element to see the effectiveness of
the filter. Advanced passive damping methods aim to reduce the passive damping
losses related with the damping resistor; however, THD performances should also be
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compared and contrasted. In order to evaluate the steady-state performances, Figure
5.16 is demonstrated. At various load conditions, THD values are captured from the

simulation software.

THD values of all advanced damping methods are superior to simple passive
damping except Type 2. At the rated load (i.e. 1 p.u. load), all damping methods
except Type 2 have THD values less than 5%.
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Figure 5.16 THD performances of passive damping methods

5.3.  Power Loss and Efficiency Analyses of Passive Damping Methods

Advanced passive damping methods provide better efficiency for the overall system.
Unlike simple passive damping, the insertion of reactive components into the filter
allows new current paths for the harmonics at the switching frequency and the
fundamental current component. In the following analysis, IGBT losses due to
conduction and switching and the resistive filter losses are considered. The ESRs of
the reactive components are neglected. Advanced and simple passive damping

methods are simulated with a 3 MW 2L PWM-VSI. The power losses are calculated
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for various load percentages and shown in Figure 5.17. The efficiency of each

method is also shown in Figure 5.18. Type 3 and Type 4 are the most effective

solutions while Type 1 and Type 2 are not worth to apply.
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Figure 5.17 Power Losses of passive damping methods for various load percentages
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5.4. Simulation Results of SMCD Methods

The effectiveness of the analyses is supported by the simulation results via ANSOFT
software. 3 MW VSIs with TC-SAF and DC-SAF compensation are investigated.
The switches of the main inverter are selected as 1700V IGBTs with the current
through a leg is shared by two devices. The steady-state waveforms of the proposed
systems are demonstrated to verify the operation of SAF compensated systems. The
load dynamic responses are considered for the selection of suitable controller
parameters. The activation of SAF compensated systems when the system is
undamped shows the necessary time for the system to stabilize. Efficiency and THD

analyses show the advantages of the proposed methods over PD.

The simulation models for the proposed SMCD methods are shown in Figure 5.19
and Figure 5.20.
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Figure 5.19 One phase of TC-SAF simulation model
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Figure 5.20 DC-SAF simulation model

The parameters of the simulated SAF compensated systems are given in Table 5.2.

The main inverter has the same parameters with the passively damped case. The

voltage and current ratings of the semiconductors utilized in the simulation are

selected according to the table. The current through the filter capacitor is known

from the simulation results of previous section. The current in the auxiliary circuit is

reduced using the SIT with a turns ratio of 5 in TC-SAF while the current through

the filter capacitor is directly processed in DC-SAF.
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Table 5.2 Simulation parameters for TC-SAF and DC-SAF compensated 3 MW

PWM-VSI
Symbol Quantity Value
Prated Rated power 3 MW
fow Switching frequency 1.2 kHz
fo fsamp Sampling frequency 2.4 kHz
g Vi DC-link voltage 1070 V
= Vy Grid voltage 690 V
.% fq Grid frequency 50 Hz
S Lq Grid side inductance 80 uH
Lc Converter side inductance 80 uH
Cs Filter capacitance 1000 pF
TC-SAF DC-SAF
Vauxde DC-bus voltage 600 V 200V

fow-aux Switching frequency 10 kHz 10 kHz
fsamp-aux Sampling frequency 20 kHz 20 kHz

Auxiliary
Converter

N SIT turns ratio 5 -
Laux SRF inductance 5uH 20 uH
Caux SRF capacitance 1000 uF -
Raux SRF resistance 10 Q -

5.4.1. Stability Analysis of SMCD Methods

In Figure 5.21, TC-SAF compensated system is enabled at t=100ms when the system
operate with no damping. Then, the TC-SAF starts to operate as damping resistors.
After that, the TC-SAF is disabled at t=160ms to demonstrate that the oscillations
start again at the resonant frequency. The response of TC-SAF compensated system
at the activation is very rapid due to an active algorithm applied on auxiliary VSIs.
When the TC-SAF compensated system is disabled, the oscillations immediately

start and the magnitude of the oscillations grow as time passes.
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Figure 5.21 Activation of TC-SAF Based System from undamped condition

In Figure 5.22, DC-SAF compensated system is enabled at t=100ms when the
system operate with no damping. Then, the DC-SAF is disabled at t=160ms showing
that the oscillations start again at the resonant frequency. Owing to an active
algorithm applied on auxiliary VSIs, the response of DC-SAF compensated system
at the activation is very fast. The oscillations immediately start again when the DC-

SAF compensated system is disabled.
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Figure 5.22 Activation of DC-SAF Based System from undamped condition
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Figure 5.23 shows the simulated waveforms obtained from TC-SAF system. The
steady-state waveforms of the converter side current, grid side current and filter
capacitor current are shown during two fundamental period of time. Additionally,
the voltage at the primary and secondary sides of the SIT, and the current at the

secondary side of the SIT are shown in Figure 5.24.
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Figure 5.23 TC-SAF compensated system steady-state waveforms

The auxiliary converter output current and voltage before the SRF are shown in
Figure 5.25. The SRF attenuates the high frequency switching ripples at 10 kHz and
its multiples.
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Figure 5.25 Auxiliary converter output waveforms at steady-state
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Figure 5.26 shows the simulated waveforms obtained from DC-SAF system. The
converter side, grid side, and filter capacitor current waveforms are shown during

two fundamental period of time at the steady-state.
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Figure 5.26 DC-SAF compensated system steady-state waveforms

The auxiliary converter output voltage before the auxiliary coupling inductor is
shown in Figure 5.27. The auxiliary DC-bus voltage waveforms during the initial
start-up and at the steady-state are both shown in Figure 5.28. As it can be seen, the

voltage is stabilized around 200V thanks to the additional voltage control loop.
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Figure 5.28 Auxiliary DC-bus voltage waveform

5.4.2. Dynamic Load Analysis of SMCD Methods

Figure 5.29 demonstrates the dynamic response of TC-SAF compensated system.
The transitions from light load (20%) to full load (100%) and vice versa are both
demonstrated in the same figure. The d-axis current, lgg shown in Figure 5.29
explains the dynamic behavior of the system under investigation. Especially during
the transition from full load to light load, recovery times are considerable due to
large filter inductors.
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Figure 5.29 Load dynamic response of TC-SAF compensated system from 20% load
to rated load then 20% load again

Dynamic response of DC-SAF compensated system is shown in Figure 5.30. Both
the transition from light load (20%) to full load (100%) and vice versa are shown in
the same figure. The d-axis current, lgg also shown in Figure 5.30 explains the
dynamic behavior of the system under investigation. Due to large LCL inductors, the

transition from rated load to light load takes a longer time.
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Figure 5.30 Load dynamic response of DC-SAF compensated system from 20%
load to rated load then 20% load again
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5.4.3. Grid Current THD Analysis of SMCD Methods

The FFT result of the grid side current is shown in Figure 5.31. In the frequency
spectrum, 5" harmonic component and resonant frequency harmonics at the
sidebands of 900 Hz mixed with the switching frequency harmonics at the sidebands
of 1.2 kHz are evident. The multiples of the switching frequency are attenuated due

to enhanced attenuation capability demonstrated in Figure 4.20.
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Figure 5.31 FFT analysis of TC-SAF grid current

The FFT of the grid side current is shown in Figure 5.32. Low frequency harmonic
component such as 5" 7" and 11" are very dominant. Resonant frequency
harmonics at the sidebands of 900 Hz mixed with the switching frequency
harmonics at the sidebands of 1.2 kHz are also seen in the frequency spectrum. The
harmonics at twice the switching frequency reflects that DC-SAF is worse than TC-

SAF regarding the filtering performance.

Figure 5.33 shows THD ratings of TC-SAF and DC-SAF compensated systems
against load percent. A slightly better THD performance of TC-SAF compensated
system over DC-SAF compensated system is seen as it is also discussed in Chapter
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4. Moreover, TC-SAF and DC-SAF compensated systems stay below the THD limit
of 4% at the rated load.
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Figure 5.32 FFT analysis of DC-SAF grid current
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Figure 5.33 THD ratings of TC-SAF compensated and DC-SAF compensated
systems under various load conditions
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5.4.4. Efficiency Analysis of SMCD Methods

Efficiencies of TC-SAF and DC-SAF compensated systems at various load
conditions are analyzed and the results are shown in Figure 5.34. SAF compensated
systems have an efficiency rating higher than 99% at the rated load. The difference
between efficiencies gets bigger as the load percent decreases. Due to less number of
switches, elimination of SIT, and lower DC-bus voltage, the DC-SAF outclasses the

TC-SAF in terms of the efficiency.
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Figure 5.34 Efficiency ratings of TC-SAF and DC-SAF compensated systems under
various load conditions

5.5. Verification of SMCD Methods for 3L PWM-VSI

Although SMCD methods are verified on a 2L 3 MW PWM-VSI, the proof of
concept is also completed on a 3L 3 MW PWM-VSI. TC-SAF and DC-SAF based
systems are investigated in this section. As the comparison of two novel damping
methods shows, DC-SAF compensated system has better efficiency results and
reduced number of components. Therefore, DC-SAF compensated system can be

accepted as an improved solution to inherent resonance problem of the LCL filter.
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Although the verifications in this section are mainly done using DC-SAF, TC-SAF
is applied on a 3L PWM-VSI to demonstrate the feasibility of both methods.

The simulation model of 3L PWM-VSI is given in Figure 5.35. The output
frequency of 3L PWM-VSI is effectively doubled compared to 2L. Due to higher
switching frequency at the output, the ripple magnitudes are lower. Therefore,
keeping the LCL filter parameters the same as 2L case yields lower grid current
THD. In order to compensate this effect, the LCL filter is recalculated according to

the selected switching frequency.

The switching frequency applied on 2L PWM-VSI was 1.2 kHz as stated in Table
5.2. 3L PWM-VSI has increased number of semiconductors in the current flow paths
hence the conduction losses are increased. To obtain a better efficiency rating, the
switching frequency has to be reduced. By keeping the LCL filter parameters
constant and halving the switching frequency, grid side current THD results are
obtained similar with 2L PWM-VSI. However, 600 Hz is very low to effectively
apply carrier based PWM. The switching frequency; therefore, set as 800 Hz for 3L
case and LCL filter parameters are adjusted. The parameters of the PI controllers are
also adjusted due to decreased switching frequency. The grid side and the converter
side inductors are set as 60 uH while filter capacitor is kept same as 1000 pF for the

simulations of 3L PWM-VSI.

Apart from the LCL filter and controller parameters’ change, the power module
including IGBTs and diodes is changed. The grid model, current and voltage
controllers are kept same. The voltage source is also kept same due to the fact that a

fictitious ground is placed in both 2L and 3L models.

PWM generation is different in 3L due to increased number of semiconductor
switches. The number of switching combinations for 3L PWM-VSI is 27 while 2L
PWM-VSI has only 8 switching combinations. To compare the switching states of
one leg in both 2L and 3L, Table 5.3 and Table 5.4 are given. P, N, and 0 states for

positive, negative, and zero DC-link voltage respectively.
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Figure 5.35 3L PWM-VSI simulation model in SIMPLORER

Table 5.3 Switching states for 2L PWM-VSI

Switching | Gate - (x)  x=[a,b,c] V(X)
State Trix Tro [Output voltage]
P ON OFF +Vyo/2
N OFF ON -Vyc/2
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Table 5.4 Switching states for 3L PWM-VSI

Switching Gate - (x) x=[a,b,c] V(X)
State Trix Troy Trax Trax [Output voltage]
P ON ON OFF OFF +Vye/2
0 OFF ON ON OFF 0
N OFF OFF ON ON -Vgo/2

5.5.1. 3L 3 MW TC-SAF Compensated System under GCF

Using the same parameter set given in Table 5.2 except the LCL filter parameters
and switching frequency, 3L 3 MW system with TC-SAF is simulated. LCL filter

inductors are reduced to 60 pH and the switching frequency is reduced down to 800

Hz. Therefore, the sampling frequency is reduced to 1600 Hz. The transition from

undamped to TC-SAF compensated case is investigated.

Although the 3L system is stable without additional damping, TC-SAF is enabled at
t=100ms and disabled at t=160ms to observe the effect of TC-SAF. Three-phase grid
currents and the d-axis component are shown in Figure 5.36. Between 100ms and

160ms, the ripple magnitude on the grid side currents is reduced slightly. It can be

deduced that the system is stable without additional damping and any damping

method has a negligible effect on the system.
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Figure 5.36 Activation of TC-SAF on 3L PWM-VSI under GCF
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Figure 5.37 shows the converter side, grid side, and filter capacitor currents at
steady-state and during the transition from undamped to TC-SAF compensated case.
The filter capacitor current’s peak-to-peak rating declines when TC-SAF is
activated. The control of I¢ in the algorithm of TC-SAF provides the reduction of
the magnitude. The filter capacitor current flowing through TC-SAF is also shown in

Figure 5.37 reflecting that the system is active.
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Figure 5.37 Steady-state waveforms of TC-SAF compensated 3L PWM-VSI under
GCF
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5.5.2. 3L 3 MW TC-SAF Compensated System under CCF

With the same set of parameters used in the previous case, TC-SAF compensated
system is activated at t=100ms and deactivated at t=160ms. This time the main
feedback variable is measured from the converter side. Unlike GCF, the resonant
harmonics occur in the system as the simulation time starts. In order not to lose the
stability of the system for the undamped case, non-zero damping resistors are placed
in the model. Although the presence of a non-zero path for the current harmonics,
the resonance level seen in Figure 5.38 is very high. The resonant harmonics are
suppressed as soon as TC-SAF is activated. The grid side currents return to their

original values as well as the d-axis component.
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Figure 5.38 Activation of TC-SAF on 3L PWM-VSI under CCF

Steady-state waveforms when TC-SAF is activated are shown in Figure 5.39. The
converter side current contains switching ripples while the grid side current does not.
The filter capacitor current contains the switching ripples due to low-pass
characteristics of the filter. The resonant harmonics in the grid side current can reach
up to twice of the rated current value. The current flowing through TC-SAF, laux-s
shows the verification of the proposed system on 3L PWM-VSI. After the activation
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of TC-SAF, resonant harmonics are removed during half of the fundamental cycle.

The resonant harmonics starts to oscillate again when TC-SAF is deactivated. The

peak value of the filter capacitor current attains more than ten times of the rated

value due to resonance. The stability of the system cannot be achieved using only

the current controllers of the PWM-VSI. Additional damping measures such as TC-

SAF are sought.
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Figure 5.39 Steady-state waveforms of TC-SAF compensated 3L PWM-VSI under
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5.5.3. 3L 3 MW DC-SAF Compensated System under GCF

In this case, DC-SAF compensated 3L 3 MW system is investigated. For the
undamped case, GCF is sufficient to provide damping like in the case of TC-SAF
compensated system. Tuning of the P1 controllers based on symmetrical optimum is

not valid. A manual tuning approach is adopted.

DC-SAF is enabled at t=100ms and disabled at t=160ms to observe the effect of DC-
SAF on the system. Three-phase grid currents and the d-axis component are shown
in Figure 5.40Figure 5.36.
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Figure 5.40 Activation of DC-SAF on 3L PWM-VSI under GCF

Converter side, grid side, and filter capacitor currents at steady-state and during the
transition from undamped to DC-SAF compensated case are shown in Figure 5.41.
The filter capacitor current’s peak rating decreases from 1000 V to 500 V when DC-
SAF is activated. The filter capacitor current flowing through auxiliary PWM-VSI of

DC-SAF is shown in the same figure.

The ripple magnitude in grid side currents tends to decrease as DC-SAF is activated.

Since the algorithm applies a band-pass filter around the resonant frequency, the
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harmonics around this frequency are also processed by the DC-SAF and attenuated
through the filter.
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Figure 5.41 Steady-state waveforms of DC-SAF compensated 3L PWM-VSI under
GCF

The controller bandwidth is intentionally reduced to half of the 2L PWM-VSI by
decreasing the switching frequency. When fy, is set as 600Hz, the system becomes
hard to stabilize. Using GCF and adjusting Pl parameters again for the new
switching frequency, the verification of DC-SAF is accomplished for a very low

switching frequency. Resonant harmonics occur this time unlike the previous case.
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The grid currents and d-axis component are shown in Figure 5.42. DC-SAF output
currents are higher than the previous case. The resonant harmonics are controlled
between t=100ms and t=160ms by DC-SAF and eliminated immediately. The
stability of the system is preserved during the activation of DC-SAF even in a low

controller bandwidth.
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Figure 5.42 Activation of DC-SAF on 3L PWM-VSI under GCF for f5,=600 Hz

5.5.4. 3L 3 MW DC-SAF Compensated System under CCF

CCEF is not sufficient for resonance damping of the LCL filter. Additional damping
must be used. DC-SAF is used to control the resonant harmonics in order to provide
stability. The unstable characteristic of the system is controlled by adding non-zero

resistors in series with the filter capacitors for the undamped case.

The grid currents and d-axis component are shown in Figure 5.43 below. DC-SAF is
activated at t=100ms and deactivated at t=160ms. DC-SAF has an immediate effect

on the system. The resonance is damped within a fundamental cycle completely.

Figure 5.44 shows the converter side, grid side, filter capacitor, and DC-SAF output
currents under GCF on 3L PWM-VSI. Before the activation of DC-SAF, the grid
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side currents increase up to 10 kA which is not desired due to the fact that high
current stresses can damage the power semiconductors. The filter capacitor current is
also at a dangerous level such that the filter capacitors cannot withstand high
repetitive currents flowing through them. As soon as DC-SAF is enabled, resonant is

eliminated and the stability of the system is preserved.
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Figure 5.43 Activation of DC-SAF on 3L PWM-VSI under CCF
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Figure 5.44 Steady-state waveforms of DC-SAF compensated 3L PWM-VSI under
CCF
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Figure 5.44 (continued) Steady-state waveforms of DC-SAF compensated 3L
PWM-VSI under CCF

555. 3L 3 MW DC-SAF Compensated System under Grid Harmonic
Distortion

In order to simulate the grid distortion, harmonic components given in Figure 5.45
are added to the grid voltage. These harmonics are obtained when a diode rectifier

(V-type load) is connected to the same grid.

___________________________________________________________________________________

Figure 5.45 Simulation model of harmonic injection to grid voltage
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5th, 7th, 11th and 13th voltage harmonic components as percentage to the
fundamental voltage component (3.08%, 2.21%, 1.41% and 1.21%, respectively) are

used.

The grid currents and d-axis component are shown in Figure 5.46 during the
transition from undamped case to DC-SAF compensated case and at steady-state.
The distorted voltage waveform at the grid side is also demonstrated below. The d-
axis component is not constant even at steady-state due to distorted grid conditions.
The reference voltage generated by the controller is directly affected by the low
frequency harmonics injected to the grid. The stability of the system is not affected
due to distorted grid; it only depends on the extent of damping. For the undamped
(or insufficiently damped) case before t=100ms and after t=160ms, stability is not

accomplished whereas the activation of DC-SAF provides the necessary damping.
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Figure 5.46 Activation of DC-SAF on 3L PWM-VSI under distorted grid condition
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A closer look on the grid voltage (5x) and the grid current (1x) is given in Figure
5.47. Although the current is distorted, the power factor is kept at unity. The
harmonic distortion level at the grid current is found as 6.42% which is above the
previously defined limits.
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Figure 5.47 Grid current and voltage of 3L 3 MW DC-SAF compensated system
with CCF under distorted grid condition

The normalized value of the phase angle at the output of PLL block is shown in

Figure 5.48 below.
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Figure 5.48 PLL angle waveform under distorted grid condition
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5.5.6. 3L 3 MW DC-SAF Compensated System under Grid Unbalance

In the grid unbalance case, the voltage drop applied on Phase A is 35% of the rated
phase voltage. The current and voltage waveforms are provided to reveal the
behavior of the simulated 3 MW 3L system with DC-SAF compensation.

Between t=60ms and t=200ms, DC-SAF is activated and in this interval between
t=100ms and t=160ms Phase A is faulted intentionally. The simulated grid voltages,

grid currents and d-axis component are shown below in Figure 5.49.
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Figure 5.49 Activation of DC-SAF on 3L PWM-VSI under voltage unbalance
condition

It is seen that the voltage drop on Phase A leads to increase of line current in the
same phase and distortion in all three phases. The d-axis component oscillates at

100Hz as it can be seen clearly in Figure 5.49. The increased grid currents cause the
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saturation of the PWM-VSI hence low order harmonics which disturb the quality of

grid power.

The performance of DC-SAF compensated 3L system under voltage unbalance is
also shown using grid voltage and current of Phase A on top of each other as in
Figure 5.50. THD level is found as 6.45% at rated load condition. The power factor
is also close to unity. The proposed DC-SAF works properly under unbalanced grid
condition. Resonant harmonics are suppressed properly and the stability of the

system is maintained.
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Figure 5.50 Grid current and voltage of 3L 3 MW DC-SAF compensated system
with CCF under distorted grid condition under voltage unbalance condition

The normalized value of the phase angle at the output of PLL block is shown in
Figure 5.51 below. The sawtooth waveform under normal grid condition is distorted
by the voltage drop on Phase A. The waveform also shows that a small amount of

phase shift occurs leading to mismatch of grid current and voltage.
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Figure 5.51 PLL angle waveform under voltage unbalance condition

5.6. Summary and Conclusion

In this chapter, detailed simulation results of passive damping methods and SMCD
methods are given. The simulation models and simulation parameters for each case

is given. The simulations are carried out on a 3 MW system.

At the beginning of the chapter, simple passive damping case is analyzed on 2L
system. Steady-state waveforms, load dynamic responses and grid current FFT
results are given. Transition from undamped case to passively case and vice versa

are also shown to prove the viability of PD on multi-megawatt systems.

Advanced passive damping methods reducing the damping losses compared to
simple passive damping are simulated on the same PWM-VSI. The same analysis
with PD is conducted for advanced passive damping methods. The comparison of
simple and advanced passive damping methods in terms of power loss, grid current

THD rating and system efficiency is given.

Two novel damping methods based on SAF algorithm are evaluated and their
performances are compared. The stability analysis, load dynamic responses, steady-
state waveforms, grid current FFT results, grid current THD ratings and efficiency
ratings of TC-SAF and DC-SAF compensated 2L 3 MW PWM-VSIs are provided.

177



As it can be seen from Table 5.5, DC-SAF is more advantageous than TC-SAF with
regard to power rating, efficiency, size, and cost. Computer simulation and
theoretical analysis have proven that SMCD methods are useful solutions to inherent
resonance problem of LCL filters. In particular, DC-SAF is a very compact solution

that can be applied to multi-megawatt inverters.

Table 5.5 The summary of proposed series active filters

TC-SAF DC-SAF
DC Input 600 V 200V
Rated Power 3x22kVA 39 kVA
Max Output Current 268 A 1085 A
Line Current THD 3.03% 3.24 %
Efficiency 99.15 % 99.23 %

The proposed systems are also verified on 3L 3 MW systems. The main feedback
variable is taken both from the grid side and the converter side. TC-SAF and DC-
SAF systems are both simulated under these two conditions. Lastly, the verification
of DC-SAF system which is more valuable as stated above is verified under grid
distortion and grid unbalance conditions. The stability of the system is clearly

demonstrated using steady-state and transient waveforms.

By changing the power module topology from 2L to 3L, the switching frequency is
decreased and the filter size is reduced. Therefore, 3L PWM-VSI offers reduced
semiconductor losses hence higher efficiency rating. Since the controller bandwidth
is reduced and the resonant frequency of the LCL filter is further increased by
smaller inductors, the implementation of AD is not possible as in the case of 2L
PWM-VSI.
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CHAPTER 6

PERFORMANCE AND COST EVALUATION OF DAMPING METHODS

6.1. Introduction

Damping methods stated in Chapter 4 are the most adopted techniques to extinguish
the oscillations resulting from the inherent resonance phenomena of LCL filter.
Active damping methods using state feedback and inherent damping using converter
side current feedback are not valid for 3 MW PWM-VSI. Depending on the
switching frequency, these methods can be applied to multi-MW applications;
however, the efficiency criterion puts a limit to the switching frequency of the

converter as discussed in Chapter 2.

Due to lack of satisfactory controller bandwidth, passive damping methods must be
adopted not to excite resonance. Extreme PD losses; however, create a significant
drop on the overall efficiency of the system. For this reason, advanced passive
damping methods are applied reducing the resistive losses due to PD. Although PD
losses are reduced to one third of the simple PD case, they are still very high as the
WECS’s rated power is 3 MW. SMCD methods are proposed so as to reduce the
damping losses. The application of SMCD methods is independent of the switching
frequency of the main PWM-VSI.

For a fair comparison of ND, AD, simple PD, and SMCD methods, the simulated
system is now 1 MW with an increased switching frequency of 2 kHz. The

parameters of the simulated 1 MW system are tabulated below.
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Table 6.1 Parameters of the simulated 1 MW PWM-VSI

Symbol Quantity Value
Prated Rated power 1 MW
fsw Switching frequency 2 kHz
= fsamp Sampling frequency 4 kHz
E A DC-link voltage 1070 V
2 Vy Grid voltage 690 V
pu fq Grid frequency 50 Hz
'z Lq Grid side inductance 190 pH
= L. Converter side inductance 190 uH
oF Filter capacitance 332 uF
Ry Damping resistor 0.5Q
TC-SAF DC-SAF
Vauxde DC-bus voltage 600 V 100 V

fow-aux Switching frequency 10 kHz 10 kHz
fsamp-aux Sampling frequency 20 kHz 20 kHz

Auxiliary
Converter

N SIT turns ratio 3 -
Laux SRF inductance 5uH 5.7 uH
Caux SRF capacitance 1000 uF -
Raux SRF resistance 10 Q -

6.2. Dynamic Performance Comparison

Figure 6.1 demonstrates the dynamic response of naturally damped system. The
transitions from light load (20%) to full load (100%) and vice versa are both
demonstrated in the same figure. The d-axis current, lgq also shown in Figure 6.1

explains the dynamic behavior of the system under investigation.

Figure 6.2 demonstrates the dynamic response of actively damped system using
capacitor current feedback. The transitions from light load (20%) to full load (100%)
and vice versa are both demonstrated in the same figure. The d-axis current, lyq also
shown in Figure 6.2 explains the dynamic behavior of the system under

investigation.
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Figure 6.1 Load dynamic response of naturally damped system from 20% load to
rated load then to 20% load again
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Figure 6.2 Load dynamic response of actively damped system from 20% load to
rated load then to 20% load again

181



Figure 6.3 demonstrates the dynamic response of passively damped system using
capacitor current feedback. The transitions from light load (20%) to full load (100%)
and vice versa are both demonstrated in the same figure. The d-axis current, lyq also
shown in Figure 6.3 explains the dynamic behavior of the system under

investigation.
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Figure 6.3 Load dynamic response of passively damped system from 20% load to
rated load then to 20% load again

Figure 6.4 demonstrates the dynamic response of TC-SAF based system using
capacitor current feedback. The transitions from light load (20%) to full load (100%)
and vice versa are both demonstrated in the same figure. The d-axis current, lyq also
shown in Figure 6.4 explains the dynamic behavior of the system under

investigation.

Figure 6.5 demonstrates the dynamic response of DC-SAF based system using
capacitor current feedback. The transitions from light load (20%) to full load (100%)

and vice versa are both demonstrated in the same figure. The d-axis current, lyq also
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shown in Figure 6.5 explains the dynamic behavior of the system under

investigation.
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Figure 6.4 Load dynamic response of TC-SAF compensated system from 20% load
to rated load then 20% load again
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Figure 6.5 Load dynamic response of DC-SAF compensated system from 20% load
to rated load then 20% load again
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6.3.  Grid Current THD Comparison

Grid current FFT result of naturally damped system is shown in Figure 6.6. In the
frequency spectrum, switching frequency harmonics at the sidebands of 2 kHz are
evident. The multiples of the switching frequency are attenuated due to enhanced

attenuation capability of the LCL filter.
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Figure 6.6 Grid current FFT result of naturally damped system

Grid current FFT result of actively damped system is shown in Figure 6.7. In the
frequency spectrum, 5™, 7, and 11™ harmonic components and switching frequency
harmonics at the sidebands of 2 kHz are seen. The multiples of the switching

frequency are attenuated due to enhanced attenuation capability of the LCL filter.

Grid current FFT result of passively damped system is shown in Figure 6.8. In the
frequency spectrum, only switching frequency harmonics at the sidebands of 2 kHz
are observed. The multiples of the switching frequency are attenuated due to
enhanced attenuation capability of the LCL filter.
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Figure 6.7 Grid current FFT result of actively damped system
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Figure 6.8 Grid current FFT result of passively damped system

Grid current FFT result of TC-SAF compensated system is shown in Figure 6.9. In
the frequency spectrum, a small 5™ harmonic component and switching frequency
harmonics at the sidebands of 2 kHz are seen. The multiples of the switching
frequency are attenuated due to enhanced attenuation capability of the LCL filter.
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Figure 6.9 Grid current FFT result of TC-SAF compensated system

Grid current FFT result of DC-SAF compensated system is shown in Figure 6.10.
Low frequency harmonic component such as 7", 11", and 13" are seen. Resonant
frequency harmonics at the sidebands of 900 Hz and switching frequency harmonics
at the sidebands of 2 kHz are also observed in the frequency spectrum. The
harmonic content of DC-SAF is worse than TC-SAF due to decayed filtering

performance.
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Figure 6.10 Grid current FFT result of DC-SAF compensated system
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Figure 6.11 shows THD ratings of ND, AD, PD, TC-SAF compensated, and DC-
SAF compensated systems against various load. PD has the worst THD result while
THD performance of TC-SAF compensated system is better than DC-SAF
compensated system as it is seen from Figure 6.11. All damping methods stay below
the THD limit of 4% at the rated load.
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Figure 6.11 THD comparison of damping methods under various load conditions

6.4. Comparison of Power Losses

Power losses of ND, AD, PD, TC-SAF compensated, and DC-SAF compensated
systems at various load conditions are analyzed and the results are shown in Figure
6.12. The losses are due to semiconductor losses and auxiliary losses such as
additional semiconductor losses of SAF compensated systems and damping losses.
Parasitic losses of LCL filter elements are ignored in this analysis. Since the
damping losses of AD and ND methods are zero, the losses are kept at minimum.

The power losses of these two system are almost the same for all load conditions.
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SAF compensated systems have additional semiconductor losses which is a bit
higher for TC-SAF. Auxiliary transformer losses and increased number of
semiconductors for TC-SAF compensated system have an adverse effect on the total
power loss. PD has the highest power loss due to damping resistors inserted in the
LCL filter. The variation of losses is not proportional with the load percent but a

linearly increasing curve is obtained in Figure 6.12.
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Figure 6.12 Power loss comparison of damping methods under various load
conditions

6.5. Efficiency Comparison

Efficiencies of ND, AD, PD, TC-SAF compensated, and DC-SAF compensated
systems at various load conditions are analyzed and the results are shown in Figure
6.13. SAF compensated systems have an efficiency rating higher than 99% at the
rated load. The difference between efficiencies gets bigger as the load percent
decreases. Due to less number of switches, elimination of SIT, and lower DC-bus
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voltage, the DC-SAF outclasses the TC-SAF in terms of the efficiency. PD has the
worst efficiency rating due to damping resistors inserted in the LCL filter. The
efficiencies of ND and AD methods are at the highest level due to the elimination of
resonance by the controllers. Since any additional elements are not placed in the
system, power losses are due to semiconductor losses for ND and AD. The

efficiencies of these two systems are almost the same for all load conditions.
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Figure 6.13 Efficiency comparison of damping methods under various load
conditions

6.6. Performance Evaluation

In this section, the operational efficiency and the operational current harmonic
distortion ratings of 1 MW PWM-VSI for each damping method is evaluated. The
annual workload of the system is defined using the capacity factor of the wind
turbine. Then, the performance of the system with ND, AD, PD, and SMCD is

evaluated. To evaluate the performance of the investigated system, power output vs.
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wind speed curve of a WT is needed. The selected WT is Mitsubishi’s MWT62/1.0
model [73].

Capacity factor is defined as the actual output over a period of time as a proportion
of a WECS’s maximum capacity. The capacity factor information of MWT62/1.0
can be obtained from Figure 6.14 (a). The annual energy production in MWh is
shown in Figure 6.14 (b).
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Figure 6.14 (a) Power curve (b) Annual energy production and capacity factor of
MWT62/1.0

The power curve is modified in Figure 6.15 assuming the capacity factor is constant
within the corresponding wind speed intervals (i.e. the output power changes
linearly within specified wind speed intervals). Then, the curve is converted into
rectangular boxes. In this way, the area under the curve is not changed while the
calculations are made easier using linear equations. The red vertical slices from c; to
cs reflect the segments that the WT is working at the corresponding wind speed
interval when wind speed is between 3.5 m/s and 25m/s.

The mean capacity factor is calculated by using the width of these slices and the
equivalent power outputs as shown in (6.1). The operation time, o (i.e. when the

WECS is active) is defined in (6.2). As the modified power curve represents the time
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intervals of power generation, summing the constants from c¢; to cs gives the
operation time as stated in (6.3). The maximum operation time of the WECS is
assumed to be 60% of the year in hours (0=0.6). The capacity factors analyzed in

this study are 20%, 30%, and 40%.
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Figure 6.15 Modified power curve of MWT62/1.0

C.F(%)=c;*5 +¢c,%20 +c3 %50+ c, *85+ c5 100 (6.1)

_ Duration of active power generation per annum [hour] 62)
°= One year [hour] '

ZS: Cm =0 (6.3)

m=1

Table 6.2 gives the wind speed intervals classified according to Figure 6.15 and the
coefficients corresponding to each wind speed interval. The weighted sum of power

levels at which the WECS is operating is equal to the capacity factor. It should be
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noted that the sum of the coefficients from ¢, to ¢5 are equal to 1 whereas the sum

of ¢y to cs is equal to 0.6. The normalized coefficients are utilized in the next step

where the operational efficiency is calculated.

Table 6.2 Capacity factors calculated using different power levels

Wind Speed Coefficients (¢,,)
C.F (%) ¢1 ¢2 ¢3 ¢4 ¢s
3.5-565m/s | 5.5-7.5m/s | 7.5-10 m/s | 10-12.5 m/s | 12.5-25 m/s
20 % 0.30 0.30 0.20 0.10 0.10
30 % 0.20 0.25 0.15 0.15 0.25
40 % 0.10 0.10 0.20 0.25 0.35

The operational efficiency, ne, of the system is calculated using the normalized wind

speed coefficients as given in (6.4).

Nop= €1 N5% + ¢2MN200% + C3Ms006 + ¢4 Mas% + €5 M100% (6.4)

where Mso, M20%, Ns0%, Nas%, and Mioow are the efficiencies at 5%, 20%, 50%, 85%,

and 100% load, respectively.

Using the information given in Figure 6.13, the efficiencies of each damping method
at 20%, 30%, and 40% capacity factor for a 1 MW PWM-VSI is given in Table 6.3.
For all capacity factors, the efficiency rating of ND and AD are superior to other
three damping methods since additional lossy elements are not used. On the other
hand, TC-SAF and DC-SAF based damping methods are more efficient than PD due
to the elimination of damping resistors as stated in the previous sections. The
efficiency ratings of all methods increase as the capacity factor increase.

The operational current harmonic distortion ratings of each damping method are

given for the same capacity factors in Table 6.4. For low capacity factor values the
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percent of the ripples injected to the grid increase; however, it should be noted that
the fundamental current magnitude is also low for such capacity factor values. The
harmonic attenuation capability of the filter is not disturbed for ND and AD methods

hence the ripple magnitudes are always lower than that of PD for all capacity factor

values. In addition, TC-SAF provides a better filter characteristic than DC-SAF.

Table 6.3 Operational efficiencies of 1 MW PWM-VSI with different damping
methods for various capacity factors

Capacity Factor ND AD PD TC-SAF | DC-SAF
20 % 98.85% | 98.85% |94.31% |98.47% 98.60%
30 % 98.92% |98.93% | 95.38% | 98.61% 98.73%
40 % 99.02% | 99.02% | 96.70% | 98.80% 98.90%

Table 6.4 Operational current harmonic distortion ratings of 1 MW PWM-VSI with

different damping methods for various capacity factors

Capacity Factor ND AD PD TC-SAF | DC-SAF
20 % 4.31% 5.19% 8.11% 5.34% 8.23%
30 % 3.43% 4.13% 6.47% 4.25% 6.49%
40 % 2.29% 2.75% 4.33% 2.83% 4.22%

6.7. Cost Evaluation

The cost evaluation of damping methods is assessed using the initial cost and
running cost. For each damping method the initial cost is analyzed first than the
running cost is calculated using the operational efficiency stated in the previous

section.

The initial cost for a 2L PWM-VSI design includes semiconductors, IGBT gate
drives, heat sink, blower, air duct, current/voltage transducers, electronic boards,
mechanical enclosure, and grid side filter prices. There is a variety of
semiconductors from different manufacturers which can replace each other.

Although the prices differ for each product, an average price can be estimated. 1800

193



A IGBTs cost around $690 while 2400 A IGBTs cost around $780. For 1 MW
system, the grid side current’s peak value is about 1150 A, hence IGBTs having
1700 V and 1800 A ratings can be used. The plug and play type gate drives cost
around $180 per IGBT and common for all power ratings. The heat sink price; on
the other hand, depends on the efficiency rating of the system at rated load. The
power loss on IGBTSs is the main criterion for determining the cooling. An average
cost of $200/kW is accepted for cooling of the power unit with an additional cost of
$250 for air duct and $400 for blower. For current and voltage control loops
minimum 2 voltage sensors and 2 current sensors at the grid side, 2 current sensors
and 1 voltage sensor at the DC-link side are required. Average prices for current and
voltage sensor are around $200 and $240 respectively. DC-link capacitors of at least
1200V rating should be selected for this application and a suitable capacitor bank
consisting of parallel-connected film capacitors cost around $1050. Damping
resistors for 1 MW PWM-VSI is selected according to Figure 6.12. The power loss
exerted on damping resistors is at least 10 kW. Such a three-phase resistor’s price is
approximated as $700. The reactive components both in grid side LCL filter and
auxiliary transformer are approximated as $3200 and $800 respectively. Three
single-phase transformers and additional SRF in TC-SAF cost around $2550 while
coupling inductors cost around $150 in DC-SAF. Electronic boards consisting of
microprocessors and peripherals cost around $600. The mechanical enclosure
including the interior mechanical parts of the PWM-VSI cost roughly as $6000.

AD methods usually employ 2 additional current sensors (2 out of 3 phases) whereas
PD methods need passive damping elements. SMCD methods employ auxiliary
IGBTS, reactive components, and transformers where necessary. TC-SAF employs
an additional electronic board controlling 3 single-phase inverters. One additional
voltage sensor and 3 additional current sensors are used in TC-SAF. On the other
hand, DC-SAF utilizes an additional electronic board controlling a three-phase
inverter. One additional voltage sensor and 2 additional current sensors are used in
DC-SAF.
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By considering the number of components common in each method and additional
components, Table 6.5 is given. Apart from the abovementioned prices, cabling,
connector, electrical protection, auxiliary mechanical and electrical components are
combined as a single item in the same table. The cost of these components are

accepted more or less the same for all damping methods.

Table 6.5 Initial cost analysis of 1 MW PWM-VSI for various damping methods

ND AD PD TC-SAF DC-SAF
IGBTs $4140 $4140 $4140 $4140 $4140
Gate driver $1080 $1080 $1080 $1080 $1080
Heatsink, blower, | oo 00 192050 | $2250 | $2650 | $2450
and air duct
Current/voltage

$1520 $1920 $1520 $1520 $1520
transducers
DC-link $1050 | $1050 | $1050 | $1050 $1050
capacitors
Damping resistors | - - $700 - -
Auxiliary IGBTs | - - - $1200 $1600
Auxiliary reactive | ] ] $2550 $150
components
Auxiliary
current/voltage - - - $840 $640
transducers
Electronic boards | $600 $600 $600 $1200 $1200
Mechanical $6000 | $6000 | $6000 | $7000 | $7000
enclosure
Grid side filter $3200 $3200 $3200 $3200 $3200
Other $2500 $2500 $2500 $3000 $3000
TOTAL $22340 $22740 $23040 $29430 $27030

As ND and AD methods provide the least power losses and the initial costs of these
methods are the lowest among five distinct damping methods, the return on
investment is not investigated for ND and AD methods. Since the long term stability

of a WECS can be satisfied by additional hardware such as PD, the comparison is
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mainly between PD and SMCD methods. The annual power losses of PD, TC-SAF,
and DC-SAF compensated systems are calculated for various capacity factors in
Table 6.6.

Table 6.6 Annual power losses of PD, TC-SAF, and DC-SAF compensated systems
for various capacity factors

Capacity Factor PD TC-SAF DC-SAF
20 % 104.99 MWh 38.05 MWh 34.35 MWh
30 % 122.15 MWh 50.18 MWh 45.87 MWh
40 % 140.69 MWh 63.68 MWh 58.74 MWh

In Turkish Energy Market, the average price for electricity produced from wind
energy sources is 7.9 U.S. cents/kWh. In order to see whether SMCD damping
methods can replace PD or not, Table 6.7 is presented. The initial cost differences
and the annual savings of SMCD methods over PD are given for 20%, 30%, and
40% capacity factors. Moreover, the return on investment periods of TC-SAF and

DC-SAF compensated systems are given in the same table.

Table 6.7 Return on investment calculation of SMCD methods

TC-SAF DC-SAF

Initial Cost Difference $6390 $3990
Annual Savings
for 20% C.E $5288.3 $5580.6
Annual Savings $5685.9 $6026.4
for 30% C.F ' '
Annual Savings
for 40% C.F $6084.1 $6474.1
Return on Investment

. ~ 1 year ~ 8 months
Period
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The operational life of a WECS is approximated as 20 years. Hence the cost savings
throughout the whole operational life of WECS for each SMCD method are more
than $100000 and the return on investment periods are very short. In addition to
lower power loss and reduced initial cost of DC-SAF compensated system, the
shorter return on investment period and smaller size are two important factors to
utilize DC-SAF rather than TC-SAF.

It should also be noted that, the return on investment duration becomes shorter as the

capacity factor of the WECS increases beyond 40%.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

The penetration of wind power to the utility is greater than before and it is
continuously increasing. Variable speed wind turbines dominate the market at
present. Although doubly-fed induction generator based wind turbines are used
previously, wind turbines using full-scale converters are more preferred nowadays
due to their superior performance during grid faults. Grid support by means of 100%
reactive current injection to the utility can only be supported by the full-scale
converter. The main advantage of doubly-fed induction generator based wind

turbines; on the other hand, is the use of partial scale power converters.

LCL filters connected as the grid interface of full-scale back-to-back PWM-VSIs in
order to mitigate the current harmonics injected to the utility have an inherent
resonance problem causing large oscillations in the system if not damped properly.
A variety of damping methods are presented in the literature but none of them
offered an appropriate solution for high power systems without additional power

loss.

In this thesis, the design and resonance damping of LCL filtered three-phase 2L
PWM-VSI widely used in grid-connected renewable energy systems are
investigated. The design procedure starts from the converter’s power rating and ends
with the selection of suitable converter topology, switching frequency, pulse-width
modulation technique, DC-link voltage level, and LCL filter parameters. The
controller design for grid-connected PWM-VSIs is also stated to present a complete

analysis.

The resonance phenomena; however, is not a minor problem that the controllers can

deal with for multi-megawatt systems. The limited phase margins of the controllers
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due to low switching frequencies make the active damping of the resonance
impractical. Because of high efficiency target of multi-megawatt systems, the
switching frequency cannot be increased so as to obtain a sufficient phase margin.
Therefore, passive damping methods should be applied. Enormous resistive losses
due to damping resistors inserted in the LCL filter are not well-accepted since the

cooling and thermal design costs of the WECS increase as the losses increase.

In the literature, advance passive damping methods are proposed via insertion of
reactive components in various ways with the LCL filter. The frequency responses
are modified such that low frequency harmonics pass through the damping inductors
and high frequency harmonics flow through the damping capacitors. Only resonant
harmonics flow through the damping resistors. In that way, the resistive losses are

diminished.

Reduced damping losses owing to advanced passive damping methods are still too
high for multi-megawatt systems. Further decrease in the damping losses can be
achieved using switch mode converters emulating series damping resistors.
Auxiliary converters connected to the LCL filter provide the necessary impedance
path for the resonant harmonics while other frequency components are allowed to
pass without any modification by the auxiliary converters. Two novel methods are
presented in this thesis for the resonance damping of multi-megawatt systems where
the switching frequency is limited to only a few kilohertz. A transformer-coupled
method together with three auxiliary single-phase inverters and a directly-connected
method with a three-phase inverter are described in operation and analyzed
thoroughly.

A top to bottom design methodology for the grid side converter of the WECS both
on hardware and software is given in this study. The resonance problem due to grid
side LCL filter is emphasized. An optimized but not yet practically verified method,
SMCD is introduced and developed. The comparison of various damping methods is
made by computer simulations and detailed cost analysis.
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Wind turbines are typically installed in the form of wind farms rather than
individually at multi-MW ratings and the best selling range for wind turbines is 1.5-
3 MW. For such high power ratings, the application of active damping methods is
not feasible while SMCD methods are verified to be major alternatives to passive
damping due to their outnumbered advantages. Therefore, the main contribution of
this study is to present alternative damping methods to the inherent resonance issue

of the LCL filter providing reduced resistive losses and smaller filter size.

The comparison of various damping methods on a 1 MW PWM-VSI leads to the
conclusion that passive damping is the least efficient damping method. On the other
hand, natural and active damping methods do not produce additional losses for the
damping of the LCL filter hence have the highest efficiency ratings. As an
improvement on the efficiency of the overall system, SMCD methods can be
applied. Nearly 1% of the 1 MW system’s rated power is lost due to passive
damping. SMCD methods reduce the damping losses by 95% hence the overall
efficiency of the system is improved nearly by 1% at rated load conditions. Different
capacity factors are also analyzed in Chapter 6 and the operational efficiency ratings
of various damping methods are presented. Especially for low capacity factors, the
efficiency of the system is improved by 4% due to DC-SAF which results in 70

MWh energy saving per annum.

In terms of THD rating, all damping methods have more or less the same
performance on 1 MW system. However, THD performances of natural damping,
active damping, and TC-SAF compensated damping methods outclass passive
damping and DC-SAF compensated damping methods at rated load conditions.
Reduced attenuation capability of the LCL filter at frequencies above the resonant
frequency due to passive damping and DC-SAF compensated damping leads to
higher current ripples on the grid side currents. The operational current harmonic
distortion ratings of various damping methods demonstrated for three distinct
capacity factors and the abovementioned results are also valid for all capacity
factors. As the capacity factor increases, the grid side current THD ratings in

percentage decrease.
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The detailed cost analysis of various damping methods on a 1 MW PWM-VSI is
presented in Chapter 6. The initial costs and the running costs are investigated. Since
additional damping elements are not used in natural and active damping, the
minimized costs are obtained for these two methods. Auxiliary switching elements,
auxiliary controllers, and auxiliary transformers utilized in TC-SAF and DC-SAF
compensated systems bring extra costs hence the initial costs of these two methods
are more than other damping methods. Long term stability of the system is not
provided by natural or active damping; therefore, the comparison of the running
costs are made among passive, TC-SAF compensated, and DC-SAF compensated
damping methods. The return on investment analysis shows that the total saving per
annum for DC-SAF compensated system is around $6000 and the amortization time
is nearly 8 months.

To conclude, DC-SAF compensated system is a major alternative of passive
damping generally applied in low-voltage, multi-megawatt grid connected systems.
In terms of grid side current THD rating, efficiency, amortization time, size, and
weight, DC-SAF compensated system is very dominant and can easily be
implemented. The return on investment time of the investigated SMCD method is
also analyzed for distinct capacity factors and it decays as the capacity factor
increases. For every 10% increase in the capacity factor, the return on investment

time decays nearly 1 month.

For 3 MW PWM-VSI, the comparison of passive damping, advanced passive
damping and SMCD based damping methods is made. The resistive losses due to
passive damping are around 2% of the system’s rated power this time. It can be
concluded that the annual savings due to SMCD methods are higher than 1 MW
system hence the return on investment time is shorter. For even higher power levels
than 3 MW, the resistive losses due to passive damping further increase and the
feasibility of SMCD methods becomes more apparent. Although higher power
ratings require three-level converters, the losses due to passive damping are expected
to be similar. Therefore, SMCD methods may also be used for damping for higher

level converters.
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The steps to the conclusion can be summarized as follows:

First chapter goes over the global wind energy capacity and a typical wind turbine
design. The motivation behind this study, damping of LCL filter resonance is stated.
The damping methods available in the literature are mentioned. Moreover, the
efficiency criterion on high power WECS is highlighted with two efficiency curves

against switching frequency for 1 MW and 3 MW systems.

The basics of WECS are given in Chapter 2. Different types of wind turbines are
covered and the importance of variable speed wind turbines with full-scale
converters is stated. Power quality problems and grid codes are specified as well as
the short-circuit ratio of the grid. Power converter topologies used in WECS are
briefly introduced with their specific properties. A detailed comparison of the power
converter topologies is given. Moreover, review of back-to-back connected
converters is stated. The requirements on the power converters; grid code
compliance, fast power response, controllable reactive power, low THD level, cost
effectiveness, and reduced design complexity are covered. Converter topologies for
low-voltage grid connection with numerical examples of various manufacturers are

stated. Besides, the trends and perspectives in WECS are discussed.

Chapter 3 covers design and control of grid-connected PWM-VSIs. In particular,
grid side converter of WECS is discussed. The switching frequency range is
determined using the efficiency criterion. The modulation and controller types are
defined. Moreover, the grid side filter topologies for multi-megawatt systems are
presented. Mathematical models of L and LCL filters are given and the frequency
characteristics are demonstrated. A review in the hardware design part is introduced.
The selection of DC-link capacitor and the LCL filter parameters are given. In the
control overview part, space vector transformations from three-phase rotating signals
to two-phase stationary signals are expressed. The sub blocks of the converter’s
controller are discussed in detail. Phase-locked loop, current and voltage control
blocks are reviewed specific to wind turbine applications. The parameters of the
controllers are formulated and the tuning of the parameters is given together with

some assumptions. The sampling of the analog signals to digital domain is clarified.
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In addition, the stability of the controllers is discussed using an exemplary bode plot

and a pole-zero diagram.

In Chapter 4, resonance damping methods, namely natural damping (ND), active
damping (AD), and passive damping (PD) are reviewed and specific to high power
systems, advanced passive damping methods are given. Transfer functions and bode
plots of each damping method are provided. AD gain adjustment is stated with the
equations. Switch mode converter based resonance damping (SMCD) methods are
introduced. The need for SMCD methods is explained. The control algorithm and
the single-phase equivalent circuits are explained. Besides, the frequency responses

of transformer-coupled and directly-connected SMCD methods are sketched.

The verification of passive damping and SMCD methods are presented in Chapter 5.
Simulation results for passive damping and advanced passive damping methods on 3
MW PWM-VSI is given. The verification of all methods, steady-state waveforms,
load dynamic responses, THD analysis, and efficiency comparison are demonstrated.
Stability of TC-SAF and DC-SAF compensated systems is examined by an instant
activation of the proposed methods. Steady-state current and voltage waveforms are
presented. Besides, load dynamic responses are demonstrated. The efficiency and
THD ratings of the proposed methods reflect the contribution of novel SMCD
methods. Frequency spectrums of grid side currents are shown that they are
compatible with the bode plots demonstrated in Chapter 4. Verification of SMCD
methods on 3L PWM-VSI is also given. Under grid current feedback (GCF) and
converter current feedback (CCF), the proposed methods are verified with time
domain signals. Moreover, distorted and unbalanced grid conditions are examined
on 3L 3 MW SMCD systems.

Lastly, Chapter 6 gives a complete comparison of ND, AD, PD, and SMCD methods
on a 1 MW system. Load dynamic responses, grid current FFT results, THD and
efficiency curves against load percent are demonstrated. In addition, power losses of
each damping method are compared. The estimated cost analysis of damping
methods is also given at the end of the chapter. The cost of a 2L 1 MW PWM-VSI is
found approximately as $22000. Depending on the damping method, the cost of the
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system increase further but the efficiency of the system for each damping method
should not be ignored. Due to limited efficiency rating of passive damping, the
annual losses of the system cannot be neglected. SMCD methods provide higher
efficiency ratings hence the running cost of the system is minimized. The return on
investment calculation reflects that the initial cost of SMCD methods can be paid off

within one year.

As future work, the experimental verification of SMCD methods might be
investigated. Detailed simulation results and performance analyses of these methods
are studied; however, an experimental setup to reflect the feasibility of two novel

SMCD methods on hardware would be a nice subject.

Moreover, application of SMCD methods on 3L converters are not investigated in
detail throughout this thesis. For higher power ratings than 3MW, the application of
3L converters is advantageous over 2L ones. Detailed performance analyses of
SMCD methods for various load conditions might be another future work to deal
with.

SMCD with different topologies could also be studied. For instance, reduced switch
count SMCD methods would further minimize the power losses on the auxiliary
converter. Alternatively, techniques utilized on the extraction of resonant frequency
harmonics would be improved. Time delays introduced by digital filters in the
control algorithm of SMCD methods do not make any significant effect on the
performance of the SMCD methods; however, enhanced harmonic extraction

techniques used in power quality conditioners can also be used in SMCD methods.
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