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PREFACE

FOR THE PAST 10 YEARS, we have seen significant progress in the devel-
opment of wind power technology and applications. Wind power generation has
become one of the most important renewable energy generations. Instead of the fixed-
speed wind power systems, variable-speed wind turbine systems prevail due to their
significant performance enhancements such as energy-harvesting ability, friendliness
to the grid, reliability, etc. Two most popular variable-speed wind turbine configura-
tions are doubly fed induction generator (DFIG) and synchronous generator (SG).
Nowadays, DFIG wind system is dominating the market. The knowledge of wind
generation is related to electrical engineering, such as electric machine, power elec-
tronics, control theory, electric power systems, etc. Now there are thousands of pub-
lished papers about wind power systems. This book tries to give readers an overview
of the progress of doubly fed induction generation systems. It is more focused on
modeling and control of DFIG wind power conversion system.

This book primarily emphasizes on the advanced control of the DFIG wind
power system, which is realized by the power electronics converters and aims to
improve grid integration performance. First, this book will give the readers an intro-
duction to the wind power system. It includes an overview of wind power systems,
grid codes for wind power systems, modeling of key components in DFIG wind
power systems such as electric machines, converters and inverters, and fundamen-
tal controls. It will introduce the control schemes of the DFIG, which include the
most widely used control strategies nowadays. Second, the book will introduce the
advanced control of DFIG wind power systems. It will cover advanced controls of
DFIG under the non-ideal grid with the grid voltage harmonic distortion and the grid
voltage unbalanced. The dynamic model of the DFIG and converter under grid volt-
age harmonic distortion and the grid voltage unbalanced will be introduced. Then the
stator harmonic current control is used in order to suppress the effect of the stator
lower-order harmonics. Afterward, DC fluctuations of the back-to-back converter for
DFIG is investigated under the unbalanced grid. To accommodate the wind turbine
to the grid fault, the grid low-voltage fault ride-through (LVRT) for the DFIG wind
turbine system is studied. Furthermore, the control strategy for DFIG under recur-
ring grid faults is also investigated. In addition, to improve the reliability of the wind
turbine, the smart thermal de-rating control of DFIG system is explained. Finally, a
DFIG test bench is introduced. It is helpful for the readers to understand how the real
system works and can be a guide to build a small-scale test bench in a laboratory.

This book may be helpful for readers who hope to have knowledge of mod-
eling and controlling DFIG wind power systems and a deep understanding of the
interaction of the wind turbine and the grid. It is suitable for both undergraduate and

xiii
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graduate levels and may serve as a useful reference for academic researchers, engi-
neers, managers, and other professionals in the industry. Most of the chapters include
descriptions of fundamental and advanced concepts, supported by many illustrations.

The authors would like to acknowledge the contribution and kind support
of colleagues and former graduate students of Zhejiang University and Aalborg
University—Dr. Jun Xu, Dr. Changjin Liu, Dr. Min Chen, Dr. Ke Ma, Mr. Ye Zhu,
and others. We acknowledge the tireless efforts and assistance of Wiley Press editorial
staff.

DEHONG XU
FREDE BLAABJERG
WENJIE CHEN
NAN ZHU
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CHAPTER 1

INTRODUCTION

In this chapter, an overview of wind power generation and the evolution of wind
power systems are briefly introduced, and the challenges and trends in wind power
generation are discussed.

1.1 GLOBAL WIND POWER DEVELOPMENT

1.1.1 Global Environment Challenge and Energy Crisis

Nowadays, the human society consumes a huge amount of electricity every year.
It is reported by the U.S. Energy Information Administration (EIA) that the global
net electricity consumption has grown from 10,395 TWh in 1990 to 20,567 TWh in
2015 [1]. Since most of the electricity is generated from fossil fuels, the increase of
the electricity net consumption will lead to large greenhouse gas emissions, and this
may cause global warming. The Earth’s average surface temperature has risen about
0.74°C for the period 1906-2005, which may cause the sea level rise, widespread
melting of snow and ice, or some extreme weather challenges. Furthermore, burning
of fossil fuels will produce dust and other chemical materials harmful to humans.

On the other hand, the fossil fuel reserves are limited and unsustainable. Oil
will be exhausted in a few decades, followed by natural gas, and coal will also be
used up in 200-300 years. The energy crisis brought by the exhaustion of fossil fuels
is a long-range challenge for human beings. Many efforts have been made worldwide
to try to find an alternative energy.

1.1.2 Renewable Energy Development

Renewable energy is defined as the energy that comes from resources that are natu-
rally replenished on a human timescale such as sunlight, wind, rain, tides, waves and
geothermal heat. Typically, the renewable energy includes wind power, photovoltaic
(PV) power, hydropower, biomass power, and ocean power. As renewable energy is
reproducible and has a low footprint of CO,, it is regarded as a favorable solution
to both the global environment challenge and energy crisis. Rapid deployment of
renewable energy has been reported in recent years. Global renewable energy policy

Advanced Control of Doubly Fed Induction Generator for Wind Power Systems, First Edition.
Dehong Xu, Frede Blaabjerg, Wenjie Chen, and Nan Zhu.
© 2018 by The Institute of Electrical and Electronics Engineers, Inc. Published 2018 by John Wiley & Sons, Inc.
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Figure 1.1 Worldwide capacity share of different non-hydro renewable powers by the end
of 2016 [2].

multistakeholder network REN21 estimated that by the end of 2016, 30% power gen-
eration capacity will come from renewable energy and renewable energy will account
for about 24.5% of global electricity generation [2]. Nowadays, the biggest renew-
able energy generation is from hydropower. However, since the location requirement
of the hydropower is limited to lakes or rivers, the worldwide growth of hydropower
has become slower in the recent years, which indicates that hydropower is very close
to its capacity limit.

The non-hydropower renewable generation, including wind, PV, and biomass,
has been growing very fast in the last 10 years. The non-hydropower renewable gen-
eration capacity reached 921 GW by the end of 2016, compared to 85 GW in 2004
[2]. The worldwide capacity share of different non-hydro renewable powers by the
end of 2016 can be found in Figure 1.1. It is found that wind power has the largest
capacity share among the non-hydropower renewable generations. Wind power has
reached 56.8% of the non-hydro renewable power capacity.

1.1.3 Wind Energy Development

The wind power generation is regarded as the most widely used non-hydro renew-
able energy generation. It has a high reserve and is renewable and clean. Besides it
produces almost no greenhouse gas emissions. Now at least 83 countries around the
world are using wind power to supply their electricity grids [3]. The capacity of wind
power installation has grown rapidly for the past 15 years. The statistics show the
worldwide total wind power capacity has grown from 24 GW in 2001, to about 487
GW in 2016 [3], as shown in Figure 1.2. China leads the accumulated wind power
installation, followed by the United States, Germany, Spain, Indian, etc., as shown in
Figure 1.3.



1.2 EVOLUTION OF WIND POWER SYSTEM 5

5,00,000

(MW)
=Y
a
o
[=]
8

4,00,000
3,50,000
3,00,000

2,50,000

2,00,000

1,50,000

1,00,000 I I
50,000 I I

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Years

Worldwide total wind power capacity

Figure 1.2 Worldwide total wind power capacity from 2001 to 2016 [3].

At the same time, the wind power share in the mix of the power supply also
increased in the world, especially in some European countries. In 2014, Denmark set
a new world record by reaching a wind power share of 39% in the domestic power
supply [4]. Spain has wind power share of more than 15% [5]. Worldwide, the wind
energy production has reached around 4% of total worldwide electricity usage in
2014 [6].

1.2 EVOLUTION OF WIND POWER SYSTEM

With the increasing penetration of wind power into the grid, the technology
of the wind power generation has undergone a rapid development. One of the
typical features is the changing of the wind power system structures. Modern
wind power systems are more efficient, more reliable and more intelligent than
before.

1,80,000
1,60,000
1,40,000
1,20,000
1,00,000

80,000
60,000
40,000 I
20,000

China Germany India Spain France Canada Brazil Italy Sweden Turkey

Total wind power capacity (MW)

Figure 1.3 Accumulated wind power installation versus countries, end of 2015 [3].
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Figure 1.4  Structure of a wind turbine system.

1.2.1 Basic Structure of a Wind Turbine

The mostly used wind turbine is the horizontal wind turbine as shown in Figure 1.4.
The blade, the shaft and the nacelle of the wind turbine are installed on a high tower.
The blade rotates under wind flow and the wind energy is captured and converted into
the mechanical energy in the shaft. The rotating angular speed of the shaft is increased
using the gearbox so that it is compatible with the generator. The mechanical energy
originated from the wind is converted into electric energy by the generator. Then the
electricity is transmitted to the power electronic converter on the ground via the power
cable, which is connected to the transformer in the grid. The nacelle provides space
for components such as the shaft, the gearbox, and the brake on the tower, and can
also target the turbine toward the wind flow direction by the action of the yaw.

1.2.2 Power Flow in the Wind Turbine System

The function of the wind power generation system is to harvest the kinetic energy
of the wind flow, convert it into the electrical energy and finally feed into the grid.
The configuration of the wind turbine system (WTS), which is composed of the wind
turbine, the gearbox, the generator, the power converter, as well as the transformer,
can be simplified as shown in Figure 1.5.
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Figure 1.5 Basic configuration of wind power generation system.

Wind Turbine: The kinetic energy in the wind is collected by the wind tur-
bine, and it is converted into mechanical energy on the shaft of the wind turbine. The
early wind turbines normally rotate at an almost fixed speed, while the modern wind
turbines can adjust the rotation speed with the variations in wind speed in order to
increase the wind energy harvesting efficiency [34].

Gearbox: The gearbox is used to adjust the rotating speed of the shaft and
make it compatible with the generator. In some cases, for example, in directly driven
wind power system with multiple-pole synchronous generators, the gearbox may not
be used.

Generator: The generator converts the mechanical energy on the shaft into
electrical energy. In different types of WTS, the generator can be caged generator
(CG), doubly fed induction generator (DFIG), or permanent magnet synchronous
generator (PMSG).

Power Converter: The power converter works as an interface between the gen-
erator and the power grid. It converts the original electrical energy from the generator,
which may be unstable with respect to amplitude or frequency, into the relatively sta-
ble electrical energy, which is more accepted by the power grid. On the other hand,
the power converter also controls the generator to cooperate with the wind turbine to
achieve better energy harvesting efficiency.

Transformer: The transformer is used to step up the output of the power con-
verter (normally around 690 V) to a higher voltage, and transfers the wind power to
the distribution or transmission power lines.

1.2.3 Fixed-Speed Wind Turbine System

The fixed-speed WTSs emerged in the 1970s and were widely used during the 1980s
and 1990s. The shaft of the wind turbine is operated at a fixed angular speed, indepen-
dent of the wind speed. The scheme of the fixed-speed WTS is shown in Figure 1.6.
The generator operates with a fixed rotor speed corresponding to the grid frequency.
It is directly connected to the grid by a transformer.

The advantage of the fixed-speed WTS is its simplicity of structure. It has a
drawback that it cannot realize maximum wind energy tracking according to the vari-
ations in the wind speed. Reactive power consumed by the generator needs to be
compensated by the capacitor bank. Further, it has no grid fault support capability,
which is now needed by the grid operator. It also has higher mechanical stress for the
wind turbine.
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Figure 1.6 Scheme of a fixed-speed wind turbine system.

1.2.4 Variable-Speed Wind Turbine System

The variable-speed WTS is widely used nowadays. Different from the fixed-speed
WTS, the variable-speed WTS is able to adjust the rotor speed when the wind speed
changes to realize the maximum wind energy harvesting.

The scheme of a variable-speed wind turbine is shown in Figure 1.7. The wind
power is captured by a pitch-controlled wind turbine and sent to the generator. The
generator is connected to the grid by a power electronic converter. The variable-speed
operation of the WTS is achieved by the power electronic converter.

The power electronic converter controls the rotor speed of the generator so that
the shaft speed of the blade adjusts when the wind speed changes to realize the highest
wind energy harvesting.

When the wind turbine reaches the speed limit or the electric limit, either
the mechanical angular speed or electric power can be limited by controlling the
power electronic converter. Besides, it can also realize soft start for the wind tur-
bine so that there is less power surge to the grid. When the grid fault happens, the
variable-speed WTS can help the grid recover from the fault by feeding reactive power
to the grid. The power electronic converters may provide ancillary services to the
grid.

Power electronics has been bringing in significant performance improvements
for the WTSs. It not only increases the energy yield and reduces the mechanical
stress, but also enables the WTS to act like an ideal power source friendlier to the
utility [38].

Gear box Generator Power electronic Transformer Grid
converter

3 ~

Figure 1.7 Scheme of a variable-speed wind turbine system.
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Figure 1.8 Fixed-speed wind turbine with a soft starter.

1.3 POWER ELECTRONICS IN WIND
TURBINE SYSTEMS

1.3.1 Power Electronics in Fixed-Speed Wind Turbine System

For the fixed-speed WTS, usually induction machines are used as the generator. Con-
necting a large induction machine to the power system will cause a large power surge
to the utility with a very high inrush current, which results in disturbances to the grid.
To limit the starting current of the induction machine, a thyristor soft starter is used
in the fixed-speed WTS, as shown in Figure 1.8. The starting current is reduced by
gradually increasing the voltage applied to the generator to the grid voltage. The soft
starter, based on thyristor technology, typically limits the RMS value of the inrush
current to less than two times the rated current of the generator. Once the starting
process is over, all thyristors are kept in the on-state. Since the thyristor has a voltage
drop when it is conducting and causes power loss, a mechanical switch is used to
bypass the thyristor soft starter when the WTS finishes the starting process. Besides
reducing the impact on the grid, the soft starter also effectively reduces the torque
peak associated with the inrush current during the starting, which is helpful to relieve
the mechanical stress on the gearbox.

1.3.2 Power Electronics in Variable-Speed Wind Turbine System

In variable-speed WTSs, the power electronic converter plays an important role as
the interface between the WTS and the grid. Two most popular variable-speed wind
turbine configurations are DFIG and synchronous generator (SG). The DFIG wind
system equipped with partial-scale power converter is dominating the market while
the WTS with SG with full-scale power converter has grown in recent years.

1.3.2.1 Doubly Fed Induction Generator

WTSs with DFIG has been used extensively since 2000 and is the most adopted solu-
tion nowadays. As shown in Figure 1.9, a back-to-back converter is used in the DFIG
system. The stator windings of the DFIG are directly connected to the power grid,
while the rotor windings are connected to the back-to-back converter [30]. In this
configuration, both the frequency and the current amplitude in the rotor windings
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Figure 1.9 Variable-speed wind turbine with a partial-scale power converter and a doubly
fed induction generator.

can be freely regulated so that the rotor speed can be changed in a wide range and
wind energy harvesting capability is enhanced. Besides, it can realize soft start for
the wind turbine and provide the grid fault ride-through ability. It can also reduce the
mechanical stress to the wind turbine.

In addition, the DFIG has a special feature that it only needs a back-to-back con-
verter with about 30% capacity of the wind turbine, which is an economical solution
at an earlier stage of wind power development when the cost of the power converter
was more critical [36-37].

The two-level pulse-width-modulation voltage-source-converter (2L-PWM-
VSCO) is the mostly used converter topology so far for the DFIG-based wind tur-
bine concept as the power rating requirement for the converter is limited [41]. Nor-
mally, two 2L-PWM-VSCs are configured in a back-to-back structure in the WTS,
as shown in Figure 1.10, which is called 2L-BTB for convenience. Advantages of the
2L-BTB solution include the full power controllability (four-quadrant operation) with
arelatively simple structure and fewer components, which contribute to well-proven
robust/reliable performances as well as the advantage of lower cost [29].

1.3.2.2 Asynchronous/Synchronous Generator with Full-Scale

Power Converter

The second important configuration that has become popular for the newly devel-
oped and installed wind turbines is shown in Figure 1.11. It introduces a full-scale
power converter to interconnect the power grid and stator windings of the generator.
The reliability enhancement due to the elimination of slip rings and simpler or even

Filter Transformer  Grid

-------------- ’ 2LvsC 2L-VSC  ‘mmmmm--oeeemet

To
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\
T
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Figure 1.10 Two-level back-to-back (2L-BTB) voltage source converter for a wind turbine.
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Figure 1.11  Variable-speed wind turbine with a full-scale power converter and synchronous
generator.

eliminated gearbox, full power and speed controllability, and better grid support capa-
bility are the primary advantages compared to the DFIG-based concept. However,
there are some drawbacks such as the high cost of PMSG, the need for a full-power
BTB converter as well as the higher power losses in the converter. Instead of PMSG,
wound rotor synchronous generator, etc., can be used as the generator.

1.4 CHALLENGES AND TRENDS IN FUTURE WIND
POWER TECHNOLOGY

In this section, several emerging technology challenges for the future WTSs are
addressed. The discussions will mainly focus on technology issues of power elec-
tronic converters in the WTS with respect to cost, reliability, grid integration, new
power electronics circuits, etc.

1.4.1 Lower Cost

Cost is one of the most important considerations for the technology which determines
the feasibility of certain energy technologies to be widely used in the future. In order
to quantify and compare the cost of different energy technologies, levelized cost of
energy (LCOE) index is generally used [7]. LCOE represents the price at which the
electricity is generated from a specific energy source over the whole lifetime of the
generation unit. It is an economic assessment of the cost of the energy-generating
system including initial investment, development cost, capital cost, operations and
maintenance cost, the cost of fuel, etc. LCOE can be defined in a single formula
as [8]:

Cpoy +Ccpyp + C
LCOE = Dev Cap o&M (11)

EAnnual

Here, the initial development cost Cp,,, capital cost C,,,, and the cost for opera-
tion and maintenance C,, are first levelized to annual average cost over the lifetime
of the generation system, and then divided by the average annual energy production in
the whole lifetime E,,,,,,,;- In order to reduce the cost of energy, one effective way is

to reduce the cost of development, capital, operation, and maintenance, and the other
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Figure 1.12  Estimated levelized cost of energy for several renewable energy technologies in
2018 [10].

effective way is to increase the lifetime of the generation system. As an example, the
LCOE for offshore wind power of Denmark and the United Kingdom is between 140
and 180 EUR/MWh in 2010 according to the studies carried by [9], and this number
is expected to be reduced by 50% by 2020 to a range between 67 and 90 EUR/MWh,
providing an increase in the lifetime of wind turbines from 20 to 25 years, and other
significant cost reductions are achieved.

Figure 1.12 shows another example of US-estimated LCOE for several promis-
ing renewable energy technologies in 2018 [10]. It can be seen that the cost distribu-
tion of different technologies varies a lot, where the onshore wind power still shows
cost advantages compared to other renewable energy sources. It can be also expected
that in the United States, the capital cost may still be dominant for most of the renew-
able energy technologies for the next decade.

As more power electronics are introduced to the energy system to improve the
performances of power generation, the cost of the power electronics becomes more
important. In the WTS, cost considerations impose challenges for the design and the
selection of power electronics.

For instance, the needs for higher power capacity and full-scale power con-
version will increase the cost for power semiconductors, passive components, and
corresponding thermal management. Due to the limited space in the nacelle, higher
power density for the power converters leads to extra cost for the design. Besides,
remote locations of the wind turbines increase the cost for installation and mainte-
nance, which demands high reliability, modularity, and redundancy of the system.

1.4.2 Larger Capacity

The size and power generation capacity of the wind turbine has been gradually
increasing over the last decades and will be continuously increasing in the future,
as shown in Figure 1.13 [11].
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Figure 1.13 Development of wind turbines between 1980 and 2020 (estimated) [11].

Many of the major wind turbine manufacturers have developed high-power and
large-scale wind turbine products. Some of the wind turbine product lines of the top
wind turbine manufacturers are shown in Table 1.1.

To deal with the growing power capacity, multicell converter topologies have
been developed by connecting conventional 2L-BTB converters in parallel or in
series. Two of the most adopted multicell solutions are shown in Figure 1.14. One
of the advantages of this multicell configuration is that standard and proven con-
verter technologies can be used for higher power capacities. Also, redundancy and
modular characteristics can be achieved in this configuration. Such a solution is the
state-of-the-art for wind turbines above 3 MW [12, 13] and will likely be utilized in
larger-scale wind turbines in the future.

1.4.3 Higher Reliability

The growth of total installation and increasing capacity of the wind turbine make
the failures of wind turbines costly. The failures of WTS will not only cause sta-
bility problem to the power grid due to the sudden absence of a large amount of
power capacity, but also results in high cost for maintenance. In addition, it will cause

TABLE 1.1 Wind turbine product lines of the top wind turbine manufacturers in 2015 [11]

Manufacturer Rotor diameter (m) Power range (MW)
Goldwind (China) 70-121 1.5-3

Vestas (Denmark) 90-136/164 1.8-3.45/8

GE Wind (USA) 83-137/150 1.7-3.8/6

Siemens Wind (Denmark/Germany) 101-142/154 2.3-4/6-8

Gamesa (Spain) 80-132/132 2-3.3/5

Enercon (Germany) 44-141 0.8-4.2
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reduction of annual energy production and thus increase the LCOE. As a
result, reliability is a critical design consideration for the next generation wind
turbine.

The complex nature of wind speed makes the mission profiles of the wind tur-
bines very complicated. The large wind speed fluctuations may cause thermal cycles
which is the main cause of the failures of power electronics components [14—16].
The relationship between the characteristics of thermal cycling and the failures of
power semiconductors has been extensively studied, and it is found that the life-
time of power semiconductor will be shorter under thermal cycles with higher fluc-
tuation amplitudes and mean values [11]. With the complicated mission profiles of
wind turbines, the power semiconductors in wind power systems may experience
many thermal cycles ranging from 15°C to 90°C, and they may cause lifetimes to
drop below 20 years according to the life time models for power semiconductor
devices [16].

Many efforts have been made to investigate new modeling and testing
approaches to evaluate the lifetime consumption of power semiconductors and to
apply appropriate control methods to improve the expected lifetime of power semi-
conductor devices. Reliability improvement of power semiconductors by means of
condition monitoring has become a recent focus of research. Many studies have been
performed to investigate online condition monitoring methods for wire-bonded power
IGBT modules. The on-state voltage drop of the IGBT module has been the most used
indicator for condition monitoring [17-22]. However, most of the solutions are ded-
icated to specific applications or need structure modifications of the power module.
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Therefore, making the condition monitoring methods more intelligent and applicable
to general applications will be the goal of improvement in the future.

1.4.4 The Application of New Power Semiconductor Devices

Currently, a majority of wind power generators in the market are rated at 690 VAC.
Voltage rating for switching devices is 1700V or 1200V [23, 24]. SiC MOSFET,
JFET, and Schottky barrier diode (SBD) of such voltage ratings are technically mature
and commercially available. In [24], SiC devices of 1200 V and 1700 V ratings from
the same manufacturer are compared to the state-of-the-art IGBT modules of the same
voltage ratings. According to the analysis, a large amount of switching loss reduction
can be achieved by applying SiC and hybrid devices.

In [25] and [26], application of SiC MOSFETs and Schottky diodes are inves-
tigated in a 1.5 MW full-scale back-to-back converter adopting the two-level topol-
ogy used for wind power generation based on permanent magnet generator. The
1.5 MW converter is assumed to be composed of ten SiC-based converters that each
has twenty 1700 V/10 A SiC MOSFETs in parallel or an Si-based converter with two
1700 V/1200 A IGBT modules in parallel. Since at present, SiC devices with the suit-
able current rating are not available, a large amount of small-scaled SiC devices are
paralleled in this calculation which is unrealistic in practical application. However,
as the technology matures, high-current rated SiC MOSFET modules will be devel-
oped in the near future. Nevertheless, the calculation results are helpful to give us a
glimpse at the advantage of SiC MOSFET in efficiency improvement.

Presently, SiC devices still cost much higher than their Si counterparts. Some
studies have used SiC diodes to substitute the free-wheeling diodes in the conven-
tional IGBT modules to form hybrid devices. In [27], an SiC diode module and an
IGBT module are used to form a hybrid phase leg. According to the analysis, the
inverter adopting the Si IGBT/SiC clamping diode hybrid devices has about 0.6% effi-
ciency increase compared to all-Si IGBT inverter. This is a very cost-effective solution
with significant improvement in efficiency and relatively low extra cost. Taking the
cost into consideration, hybrid devices may be the compromise between efficiency
improvement and cost in the near future.

1.4.5 More Advanced Grid Integration Control

In order to reduce the impact of the wind gust and ensure the security and stability
of grid operation, the wind turbines or wind farms are preferred to be configured as
distributed generation networks. Its power flows and electrical behaviors are differ-
ent compared to the traditional centralized generation networks [28, 41]. Therefore,
the protection schemes of the future grid utilities with more wind power penetration
should be also changed. It results in a more distributed protection structure and may
allow the islanding operation of some wind turbine units as microgrids [31].

Moreover, with the growing proportion of wind power in the power grid, more
advanced grid requirements are needed. In the case of shutting down of transmission
networks, the WTSs may need the abilities to black start [32].
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Figure 1.15 Potential energy storage configurations for wind power plants to enable virtual
power plant operation: (a) distributed energy storage and (b) centralized energy storage.

In order to achieve these more advanced features of grid interconnection, some
energy storage systems may be needed for future wind turbines and wind farms. The
storage system can be configured locally for each wind turbine unit, as shown in Fig-
ure 1.15a, or be configured centrally for several wind turbines/wind farms, as shown
in Figure 1.15b. Such WTSs with energy storage will also be ready to operate as a
primary controller and may operate as a virtual synchronous machine [39].

1.4.6 Configurations of Wind Power Plants

As the wind power capacity grows, large wind farms which consist of many wind
turbines are being developed. These wind farms may have significant impacts to the
grids, and therefore they will play an important role in the power quality and the con-
trol of the power grid systems. The power electronics technology is again an important
part of both the system configurations and the control of the wind farms in order to
fulfill the growing grid demands [35]. Some existing and potential configurations of
the wind farms are shown in Figure 1.16.
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A wind farm equipped with DFIG-based WTSs is shown in Figure 1.16a. Such
a wind farm system is in operation in Denmark as a 160 MW offshore wind power
station. It is noted that due to the limitation of the reactive power capability, a cen-
tralized reactive power compensator like STATCOM may be used in order to fully
satisfy future grid requirements [39].

Figure 1.16b shows another wind farm configuration equipped with a WTS
based on full-scale power converter. Because the reactive power controllability is
significantly extended, the grid-side converter in each of the generation unit can be
used to provide the required reactive power individually, leading to reactive power
compensator-less solutions.

For long-distance power transmission from an offshore wind farm, HVDC may
be an interesting option because the efficiency is improved and no voltage compen-
sators are needed. A typical HVDC transmission solution for wind power is shown in
Figure 1.16c, in which the medium AC voltage of the wind farm output is converted
into a high DC voltage by a boost transformer and high voltage rectifier.

Another possible wind farm configuration with HVDC transmission is shown in
Figure 1.16d, where a solid-state transformer (or DC/DC transformer) is used to con-
vert the low/medium DC voltage from each wind turbine output to the medium/high
DC voltage for transmission, thus a full DC power delivery both in the distribution
and transmission grid can be realized. It is claimed in that the overall efficiency of the
power delivery can be significantly improved compared to the configuration shown
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in Figure 1.16c—mainly because of fewer converters and transformers in this DC

transmission system. It can be a future solution for large wind farms to increase the
overall efficiency of power delivery [33, 40, 42].

1.5 THE TOPICS OF THIS BOOK

This book will focus on the advanced control of the DFIG wind power system, which
is realized by the power electronic converters and aims at better grid integration per-
formance. This book is divided into following four parts:

Part I (Chapters 1-3) will provide the basic knowledge of wind power technol-
ogy. The related grid codes for wind power generator will be introduced. It will make
the reader in related areas much easier to understand the following content.

Part IT (Chapters 4 and 5) will evaluate the dynamic model of DFIG wind power
system and the vector control scheme of the DFIG, which includes the most widely
used control strategies nowadays.

Part III (Chapters 6—10) will aim at the advanced control of DFIG under the
non-ideal grid, including the grid voltage harmonic distortion and the grid voltage
unbalanced. The dynamic model of the DFIG and converter under grid voltage har-
monic distortion, and the grid voltage unbalanced will be introduced. The stator
harmonic current control is introduced in order to suppress the stator lower-order
harmonics. The DC-fluctuations control of the GSC can suppress the DC-bus fluctu-
ations under the unbalanced grid.

Part IV (Chapters 11-13) will introduce the grid fault ride-through of the DFIG
WTS such as LVRT of DFIG, the smart thermal derating control of DFIG system, etc.
The control strategy for DFIG under recurring faults is also investigated.

In Part V (Chapter 14), a DFIG test bench is introduced. It is helpful for the
reader to understand how the real system is built and can be a guide to building a
small-scale test bench in a laboratory.
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CHAPTER 2

BASICS OF WIND POWER
GENERATION SYSTEM

In this chapter, the basic knowledge related to modern wind power generation system
(WPS) is introduced, especially for the variable-speed WPS. The important parts of
the configuration of a WPS are introduced. The steady-state operation conditions of
a variable-speed wind turbine are also investigated, and the control of the generator
and power converter in different concepts of variable-speed WPSs are introduced. At
last, the wind power transmission system is discussed briefly as well as the grid faults
and distortions in power systems are analyzed.

2.1 INTRODUCTION

The target of the wind power generation system (WPS) is to collect the kinetic energy
of the blowing wind and to convert it into electrical power flow into the power grid.
This process is achieved by complicated mechanical and electrical conversion sys-
tems in the wind turbines. However, the basic configuration of WPS can be simpli-
fied into a few main parts, including the wind turbine, the gearbox, the generator,
the power converter, as well as the transformer, as shown in Figure 2.1. The detailed
descriptions of the components please refer to Chapter 1.

In this chapter, the basic knowledge related to the modeling of the WPS is
introduced, especially for the variable-speed WPS. The important parts in the con-
figuration of the WPS are described and the operation conditions of a variable-speed
wind turbine are investigated as well as the control of generator and power converter
used in different concepts of variable-speed WPSs are introduced. Finally the wind
power transmission system is discussed in brief, where grid faults and distortions in
the power systems are also analyzed.

2.2 WIND POWER CONCEPT

As introduced briefly in Chapter 1, an overview of WPSs is shown in Figure 2.2.
Basically, there are two kinds of operation methods: fixed-speed wind turbines

Advanced Control of Doubly Fed Induction Generator for Wind Power Systems, First Edition.
Dehong Xu, Frede Blaabjerg, Wenjie Chen, and Nan Zhu.
© 2018 by The Institute of Electrical and Electronics Engineers, Inc. Published 2018 by John Wiley & Sons, Inc.
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Figure 2.1 Basic configuration of a wind power generation system (WPS).

and variable-speed wind turbines [8-13]. In the earlier years, the wind turbine
could only operate at a fixed rotational speed, which is called the fixed-speed con-
cept. It requires a stiff power grid to enable a stable operation and may require
a more expensive mechanical construction in order to absorb high mechanical
stress, since wind gusts may cause torque pulsations on the drive train. The wind
energy utilization efficiency is normally also low in the fixed-speed wind turbines.
However, the simplicity of such a concept may also be an advantage in certain
applications [8].

The variable-speed wind turbine is able to adjust its rotational speed according
to the wind speed and thereby maximize the energy yield. The variable-speed oper-
ation of a wind turbine system has many advantages. The wind turbine can increase
or decrease its speed according to the variations in the wind speed. This means less
wear and tear on the tower, gearbox, and other components in the drive train, and
also a higher wind energy utilization efficiency. Also, variable-speed systems can
increase the production of energy and reduce the fluctuation of power injected into
the grid. In variable-speed systems, the generator is normally connected to the grid
through a power electronic system and the power converter will improve the dynamic
and steady-state performance, help to control the wind turbine and generator speed,
and also decouple the generator from the power grid. However, the disadvantages
of variable-speed wind power systems may be higher cost and losses in the power
converters [8-9].

Fixed —» No power  Squirrel Cage Induction Generator (SCIG)
Speed converters
Wind Power
System Partly rated power| s Doubly fed Induction Generator (DFIG)
converters * Brushless DFIG
Variable
Speed ¢ Wounded Induction Generator

Fully rated power [ « Multi pole Synchronous Generator
converters Permanent Magnet Synchronous
Generator (PMSG) for low/medium speed

Figure 2.2 Overview of a wind power generation system.
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Figure 2.3  Schematic of a fixed-speed wind power generation system using a squirrel cage
induction generator (SCIG) [8].

2.2.1 Fixed-Speed Concept

The “Danish concept” of directly connecting a wind turbine to the grid is widely
used in the early wind turbine systems [8]. The scheme consists of a squirrel cage
induction generator (SCIG), connected via a transformer to the grid and operating
at an almost fixed speed. The configuration of a fixed-speed wind turbine system
is shown in Figure 2.3. The advantages of wind turbines with induction generators
are simple and cheap construction, and no synchronization device is required. These
solutions are attractive due to cost and reliability. However, there are some drawbacks
like (1) the wind turbine has to operate at a constant speed, (2) it requires a relatively
stiff power grid to enable stable operation; and (3) it may require a more expensive
mechanical construction in order to absorb high mechanical stress since wind gusts
may cause torque pulsations on the drive train. During the 1980s, this concept was
extended by adding a capacitor bank for reactive power compensation and also a soft
starter for smoother grid connection.

2.2.2 Variable-Speed Concept with Partial Power Converters

The variable-speed wind turbine is able to adjust the rotational speed during wind
speed changes and the operation of the variable-speed wind turbine will be introduced
in the next part. With the help of a partial-scaled power electronic converter, the wind
power system is able to maintain maximum efficiency under different wind speeds.
The DFIG wind power concept is the most widely adopted one nowadays, as shown
in Figure 2.4. The stator of the DFIG is directly connected to the grid, while the rotor
side of the DFIG is controlled by a partial-rated power converters called the rotor-side
converter (RSC) and the grid-side converter (GSC). By controlling the rotor current
with the RSC, the output power, torque, and rotor speed of the DFIG can be con-
trolled at the synchronous speed. The power rating of the converter is normally only
30% of the rated power of the generator, so this concept is attractive as seen from a
cost point of view. However, the main disadvantage of this concept is the sensitivity
to grid voltage disturbance, such as grid faults, grid harmonic distortions, and grid
unbalance. On the other hand, the ability to operate under grid voltage disturbance is
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Figure 2.4  Schematic of a doubly fed induction generator (DFIG) generation system. RSC,
rotor-side converter; GSC, grid-side converter.

required by the grid codes from many countries and therefore as a result, much effort
has been taken on the control strategy of DFIG wind power systems to make them
robust against grid voltage disturbance, which is also one of the main topics of this
book.

The typical wind power systems in the market using this concept include
VestasV80-2 MW [2], GE-1.5 MW [3], and Gamesa G87-2.0 MW [4], etc.

2.2.3 Variable-Speed Concept with Full-Scale Power Converters

This concept uses a full-scale power electronic converter to isolate the generator from
the grid, and this power electronic converter takes full control of the generator so that
the generator can operate at variable speeds to maintain maximum efficiency under
different wind speeds. The PMSG wind power system is one of the popular full-
scale power concepts nowadays, as shown in Figure 2.5. The rotor of the PMSG is
made of permanent magnets, so no magnetizing current is required and the slip rings
can be eliminated; thereby reducing maintenance cost. The stator of the PMSG is

GSC LSC
PMSG 4
/SCIG JG JG &
Gear box g Transformer Power
U Grid

Figure 2.5 Schematic of a permanent magnet synchronous generator (PMSG) or squirrel
cage induction generator (SCIG) wind power system using a full-scale power converter. GSC,
grid-side converter; LSC, line-side converter.
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controlled by the generator-side converter (GSC), and the power generated by the
PMSG is transmitted into the grid by the line-side converter (LSC). As the generator
is decoupled from the grid, this concept is less sensitive to grid voltage disturbances
compared to the DFIG concept. Another advantage is the elimination of slip rings
and even the gearbox in some cases. As a result, it is attractive from a reliability point
of view. The main drawback of this concept is the higher cost of power converters
compared to the partial scale concept. The SCIG or wounded rotor synchronous gen-
erator can also be used with a full power converter, so the cost of the generator can be
reduced.

Typical wind power systems in the market with this concept include Gold Wind
GW-1500kW [5], Enercon E82-2 MW [6].

2.2.4 Hardware Protection Methods

Recently grid codes in many countries have regulated the fault-ridge-through capa-
bilities of wind turbines. Some hardware protection solutions are used to assist the
DFIG ride through serious grid faults. Two of the most-used hardware protection
circuits are the rotor-side crowbar and DC chopper [14].

The rotor-side crowbar is one of the commonly used hardware solutions for
the DFIG to ride through grid faults. The rotor-side crowbar short-circuits the rotor
windings under grid faults, so the transient rotor current can be limited while the RSC
can be protected. One of the commonly used structures of the rotor-side crowbar is
shown in Figure 2.6.

The DC chopper is a brake resistor in the DC bus, as shown in Figure 2.7.
Under voltage dips, the rotor current may flow into the DC bus of the RSC and lead
to DC-bus overvoltage. The DC chopper is enabled when the DC-bus voltage is over
the safety threshold. Then the energy from the RSC can be dissipated on the resistor
of the DC chopper and thereby, the DC-bus voltage can be limited.

The detailed introduction and analysis of the hardware protection solutions will
be given in Chapter 12.
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Figure 2.6 DFIG wind power system with rotor-side crowbar.
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Figure 2.7 DFIG wind power system with DC chopper.

2.3 VARIABLE-SPEED WIND TURBINE

With the variable-speed wind turbine, the wind energy capture ability can be extended
with a higher system efficiency. The variable-speed wind turbine is very attractive
for a number of reasons, including reduced mechanical stress and increased abil-
ity of wind power capture by adjusting the rotor speed along with the wind speed.
The operation of the variable-speed wind turbine will be introduced in detail in this
section.

2.3.1 Wind Turbine Model

The wind turbine is used for capturing the kinetic power from the wind, and then
converting it to mechanical power on the shaft, which then can be directly used by
generators. The kinetic power of the wind P,, can be expressed as [15]

| )
P, = prr v,> 2.1)
where p is the mass density of air, r is the wind turbine rotor radius, v,, is the wind
speed. Unfortunately, the wind turbine cannot extract all the kinetic wind power flow-

ing to the wind turbine. Generally, the mechanical power P, ., on the shaft of the
wind turbine can be calculated as

1
Prech = Cy(B- A5 prrtv,? (2.2)

where C,(B, ) is the power coefficient decided by the wind turbine’s characteristics.

It is a function of the turbine’s tip speed ratio A and the pitch angle §. The tip speed
ratio A can be written as

2nrn,

~ 60,

where 7, is the rotational speed of the turbine rotor. The relationship among the

power coefficient C,,, tip speed ratio 4 and the pitch angle f in a2 MW wind turbine

2.3)
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Figure 2.8 Relationship between the power coefficient Cp, tip speed ratio A, and pitch
angle f.

is shown in Figure 2.8. It can be found that the power coefficient C, is influenced by
both the tip speed ratio A and the pitch angle . With (2.3), it can be found that at a
certain wind speed v,,,, the power coefficient C,, can be controlled to be its maximum
value by adjusting both the pitch angle f and the rotation speed n,. of the wind turbine.
As shown in Figure 2.8, when =0 and 1= 4,,,, the power coefficient C, will reach
its maximum value C,,,,,. The maximum theoretically achievable power coefficient
is Cppax =59%.

The pitch angle f can be adjusted by the pitch control in order to control the
harvested power and will be discussed in the next section. The rotational speed n,
of the wind turbine is decided by the mechanical layout and model of the drive
train. A simplified two-mass model is usually used for representing the basic rela-
tionship between the rotational speed and the torque in the system, as shown in
Figure 2.9 [16].

InFigure 2.9, T; ,,. and T, are the mechanical torque of the wind turbine in the
fast speed shaft (after the gearbox) and the electromagnetic torque of the generator.

[ Energy
a)T_ar > w
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TG \

T _ar JT J em

T G

Figure 2.9 A two-mass mechanical model of the wind turbine drive train.
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or _, and w,,,., are the angular speeds of the wind turbine in the fast speed shaft and
the mechanical rotating speed of the generator. If the turbine torque and angular speed
are expressed as T and wy, respectively, their relationship with 77 . and w7, can
be represented as

TT
Tr o & v (2.4)
07 4 = Nog (2.5)

where N is the gear speed ratio. J; and J; are the inertia of the wind turbine and gen-
erator. Ky and Dy are the stiffness and damping coefficient, respectively, between
the turbine and the generator, D and D are the friction coefficients of the turbine
and the generator, respectively. This model can also be expressed as

dor
JT dtjr ~ TTJJI’ - DTa)TJlI’ - Tem (2.6)
dow
‘]G%Ch ~ Tem - DGwmech + TTer 2.7
dT, doy dw,ecn
d;m = Kr6(@7_4r = Opreci) + D16 (Tar - %) (2.8)

The electromagnetic torque 7,,, can be controlled by the power converter and the
mechanical torque T . is influenced by the wind speed and can also be controlled
by the wind turbine, so that the w; ,, and w,,,,; can be controlled.

2.3.2 Pitch Control

The pitch angle f is the angle between the chord line of the blade and the plane of
rotation. The pitch control is able to rotate the turbine blade and change the pitch
angle. The pitch angle of each blade can be controlled together or independently.
When studying the dynamic control system, a simplified first-order model as shown
in Figure 2.10 can be used, where 74 is the time constant of the pitch control system.
Figure 2.10 shows also the pitch control loop. A PI controller is used to generate
a reference rate of change of pitch. This changing rate is normally limited to about
10°/s during normal operation and 20°/s for emergencies [16].

Py nz 1 e
47—’-—'-—' L
p

Figure 2.10  Simplified pitch control loop.
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Figure 2.11  Overall scheme of a variable-speed control for wind turbine system with pitch
control.

2.3.3 Overall Control Scheme

The overall scheme of a variable-speed wind turbine system with pitch control is
shown in Figure 2.11. There are two degrees of control freedom in this system, the
mechanical torque T, which can be controlled by the pitch controller, and the elec-
tromagnetic torque 7,,,, which can be adjusted by the generator controller (inverter
control). The overall wind turbine controller makes these two controllers coordinate,
so the rotor speed and output power of the wind power system can be controlled at
different wind speeds [13]. The wind turbine control strategy will be introduced in the
following section, while the generator and inverter control in different variable-speed
wind turbine systems will be discussed in a later section.

2.3.4 Operational Range of Wind Turbine Systems

Considering the rotor speed and the output power limitations of a wind power system,
the wind turbine controller normally controls the wind turbine to operate like the
curves shown in Figure 2.12. The parameters of a commercialized 2 MW wind turbine
are shown in Table 2.1.

The relationship of mechanical power P,,,,,, rotor rotational speed n,., and wind
speed v,, are expressed as

(0 ifv, <4
Loec A oifd<y, <
Epn'r p(ﬂop,, )vw if4<v,<vp
Priecn(Vyy) = 1 %pﬂrZCpmaxva ifvg <v, <ve (2.9)
1 2 3.
Epzrr Cy(Boprs Dv,, ifve <v, <12

2 % 10 if 12 <v, <20
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Figure 2.12  Operational range of a 2 MW DFIG wind turbine.

1050 ifv, <vg
_ 60N20p,vw )
n.(v,,) = B — ifvg <v, <ve (2.10)
1800 ifve <v, <20

As shown in Figure 2.12, the operation range of a wind turbine can be divided
into five stages which will be introduced in detail in the following subsections.

TABLE 2.1 Parameters of a2 MW wind turbine

Rated power 2 MW Cut-in wind speed 4m/s
Wind rotor diameter 82.6 m Cut-out wind speed 20 m/s
Rated rotational speed 19 rpm Rated wind speed 12 m/s
Optimal tip speed ratio A 8.1 Maximum power coefficient C,,,,, 0.387

Optimal pitch angle 0°
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2.3.5 Wind Turbine Operation Around Cut-In Speed

Stage 1 (Before A): When the wind speed is smaller than the cut-in speed, which is
4m/s in Figure 2.12, and illustrated as point A, the wind power system is not con-
nected to the power grid, but keeps at minimum rotor rotational speed by adjusting
pitch angle before the cut-in wind speed (point A is reached). In this stage, the WPS
is working in stand-by mode, waiting for an increase in the wind speed.

Stage 2 (A-B): When the wind speed is larger than the cut-in speed, the wind power
system is connected to the power grid, and the mechanical power increases with the
wind speed. However, the rotational speed still keeps at minimum rotor rotational
speed, as the wind speed is still low. So the power coefficient is not at the maximum
value. In other words, the wind turbine cannot capture the wind power as much as
possible. The pitch angle in this stage is typically controlled at zero.

2.3.6 MPPT Operation of Wind Turbine

Stage 3 (B—C): Maximum power point tracking (MPPT) is achieved at this stage, by
adjusting the rotor rotational speed with the change in wind speed, in order to keep
the optimal tip speed ratio 4,,,, and thus get the maximum power coefficient. The
rotor rotational speed varies proportionally with the wind speed.

The wind turbine is controlled at the optimum turbine rotational speed (®,,,,, in
Figure 2.11) generated by the controller according to the present wind speed. Also,
there are some methods using the relation between the electromagnetic torque and
the maximum power to indirectly adjust the rotor speed to the optimal value under
different wind speeds.

2.3.7 Wind Turbine Operation Around Cut-off Speed

Stage 4 (C-D): At point C, the rotor rotational speed reaches the rated value. Then,
the rotational speed is controlled at the rated speed and kept constant to avoid large
mechanical stress as well as noise in the wind turbine. So the tip speed ratio is not at
the optimal value and the power coefficient is lower than the MPPT stage 3 (B—C).
The wind turbine keeps at the optimal pitch angle until the mechanical power reaches
the rated value.

Stage 5 (D-E): In this stage, the wind speed is above 12 m/s, wind turbine output
mechanical power is controlled at rated value in order to avoid overcurrent in the
power converters as well as overloading the whole drive train by adjusting the pitch
angle.

2.4 CONTROL OF POWER CONVERTER

The generator control in Figure 2.11 is normally achieved by the power converter in
the wind power system and the electromagnetic torque can be controlled by adjusting
the rotor speed of the wind turbine at different wind speeds. Also, as an interface
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between the wind power system and the power grid, the power converter needs to
support the power grid as well. For example, the reactive power support is required
by the power grid to enhance the voltage stability and control, as well as to operate
properly under grid fault [14, 17, 18].

2.4.1 Control of DFIG Power Converter

The DFIG power converter controls the generator by adjusting its rotor current and
voltage, and a conventional control scheme of DFIG power converters is shown in
Figure 2.13. The control scheme is applied in a dg reference frame. The RSC con-
trols the torque (or the active power) generated by the generator and the reactive
power generated by the stator side of the generator. The RSC control consists of the
power/torque outer loop and the rotor current inner loop. The power/torque outer loop
generates the rotor current reference i z by open-loop calculations or by closed-loop
control, and the rotor current inner loop controls the rotor current 1 to track its
reference.

The GSC provides the DC-bus voltage for the RSC, and the GSC can also pro-
vide some reactive power support to the grid. The GSC control consists of the DC
voltage and reactive power outer loop and the grid current inner loop. The grid current
reference i fq is generated by the outer loop, and the rotor current inner loop controls
the rotor current i to track its reference.

A phase lociﬁoop (PLL) is used to keep the dq reference frame synchronized
with the stator/grid voltage.

2.4.2 Control of PMSG Power Converter

In the PMSG wind power system using a full-scale power converter, the power con-
verter decouples the generator from the power grid as shown Figure 2.14. The RSC
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Figure 2.13  Conventional control scheme of power converters for DFIG wind turbine
system. SVM, space vector modulation; PLL, phase lock loop [19].
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Figure 2.14  Conventional control scheme of PMSG full-scale power converters. SVM,
space vector modulation; PLL, phase lock loop [19].

GSC control LSC control

controls the stator current and voltage of the PMSG, so the electromagnetic torque
and rotor speed of the PMSG can be adjusted. The outer loop of the RSC control gen-

erates the stator current reference i;ejq from the electromagnetic torque or active power

reference from wind turbine controller. The inner loop controls the stator current i,,,
to track its reference. As for PMSG, the magnetizing is provided by the permanent
magnets in the rotor, and the RSC normally does not need to provide reactive current
to the generator.

The GSC converts the power generated by the PMSG to the grid. The DC volt-
age of the back-to-back converter and the reactive power are controlled by the outer
loop, the line current reference 7;;{1 is generated, and the inner loop controls the line
current 4, to track the reference.

2.4.3 Control of SCIG Power Converter

As PMSGs are relatively expensive, the concept of using an SCIG connected with a
full-scale power converter has become popular in recent years. The control scheme
of an SCIG full-scale power converter is shown in Figure 2.15. It is similar to the

. Transformer
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i power control '—Q"‘f
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Figure 2.15 Conventional control scheme of SCIG-based full-scale power converters.
SVM, space vector modulation; PLL, phase lock loop.
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control scheme used for the PMSG power converter, which is shown in Figure 2.14.
The GSC controls the output power and torque of the SCIG. It should be noticed that
in the SCIG wind power system, the magnetizing current should be provided by the
GSC as well, while in the PMSG wind power system, the magnetizing is provided by
the permanent magnet in the rotor. So the outer control loop of the SCIG RSC should
include the reactive power or magnetizing current loop. The GSC control scheme is
basically the same as that in the PMSG wind power converter. The DC voltage of the
back-to-back converter and the reactive power are controlled by the outer loop, the
line current reference _i}rsj; is generated, and the inner loop controls the line current _i} dq

to track the reference.

2.5 WIND POWER TRANSMISSION

The electrical power generated by each wind turbine is normally centralized into wind
farms, and transmitted to the large scale power grid. The integration of wind power
will influence the power system as well as the disturbances of the power system,
such as grid faults, voltage unbalance, and distortions will have an impact on the
wind power system, especially for the DFIG wind power system [20, 21].

2.5.1 Wind Farm

In the early years, the wind power systems were directly connected to the low voltage
distribution grid. As the rated power of the wind power system becomes larger and
larger, the wind power systems need to be connected to the medium voltage distri-
bution grid, normally 10-33kV and a transformer was necessary. In the early stage
wind turbines, the transformer, breaker, and protection system were located in shel-
ters near the wind turbine and were shared by several wind turbines. Once the size of
the towers became adequate, the transformers were located in the tower. Nowadays,
most of the wind turbines are installed in groups called wind farms. They share a
common medium or high voltage transformer and a PCC to the grid. Normally, they
are directly connected to the transmission or subtransmission grids by means of an
electrical substation specially designed for wind farms. Each of the wind turbines in
the wind farm can be controlled by a centralized controller. The capacity of modern
wind farms are sometimes larger than 400 MW and contains many dozens of MW-
rated wind turbines [21]. The basic configuration of a typical wind farm is shown in
Figure 2.16.

The substation is an essential component in wind farms. The coupling trans-
former to the transmission grid is installed in the substation. The primary voltage is
normally from 66 to 220kV which is different from country to country, while the
secondary voltage will vary from 10 to 66 kV. The input and output breakers can also
be found in the substation. A static VAR compensation such as capacitor banks and
inductors, and a dynamic VAR compensation based on SVC or STATCOM, as well
as a current limiter, are normally installed in such a substation.
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Figure 2.16 Wind farm configuration using a STACOM and an SVG.

The wind turbines are connected to the substation by means of transformers
and breakers. The electrical layout of the wind farm is important because it affects the
terminal voltages of the wind turbines and has an influence on the turbine behavior.

A centralized wind farm controller controls the active power and reactive power
injected into the grid (at the PCC), according to the grid code of the power system, and
they will be introduced in the Chapter 3. In order to implement a centralized control,
it is necessary to have an effective communication between the wind farm centralized
controller and each of the wind turbines. Thus, while each of the wind turbines report
to the wind farm centralized controller the active power and reactive power that they
can deliver at any moment, the wind farm centralized controller should provide each
of the wind turbines with references of active and reactive powers. Also, the VAR
compensation in the substation can regulate the reactive power together with the wind
turbines [21].

2.5.2 Power System

The power system is the set of infrastructures responsible for the generation, trans-
mission, and distribution of the electrical energy. The power system may be different
in different countries, but generally, they share the following characteristics:

* They consist of a three-phase system with constant AC voltage. The power gen-
eration and transmission systems are three-phase systems as well as industrial
loads. The civilian and commercial loads are configured to achieve equal dis-
tribution between each phase so that the three-phase system can be balanced.
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Figure 2.17 An example of a basic configuration of a power system from the power station

to load [8, 22].

* Most of the main power sources in the power system are synchronous genera-
tors, which are driven by the heat engine, hydro turbine, etc., and convert the
mechanical energy from these sources into electrical energy.

¢ The power system transmits the electrical energy to the loads in different
areas, through the power transmission and distribution lines at different voltage

levels.

The basic configuration of a power system is shown in Figure 2.17. It is usually
divided into the following subsystems [22]:

(a) Transmission System: The transmission system connects the major power sta-
tions and load centers. It is the backbone of the power system and operates on
the highest voltage level of the whole system (usually larger than 230kV). The
large wind farms are normally connected to the transmission system.
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Wind Turbine

Figure 2.18  Simplified model of a grid fault with wind turbines connected to the grid.

(b) Subtransmission System: The subtransmission system transfers the electrical
power from the transmission substation to the distribution substation. Large
industrial loads are usually directly supplied by the subtransmission system.

(c) Distribution System: The distribution system is the last stage to the user of
electricity. The primary distribution voltages are normally between 400 V and
34.5kV and the industrial load is normally supplied with this voltage level. The
secondary distribution voltage is typically 110 or 220 V and provides electrical
power to the civilian and commercial loads.

2.5.3 Grid Faults

The grid faults are usually caused by short circuits in the power system. They can
be introduced by lightning, aging of insulation materials, accidents, etc. The grid
faults will normally introduce a complicated dynamic process in the power system.
A simplified model of a grid fault in the power system is shown in Figure 2.18, which
can be used to derive the terminal voltage of the wind farm and wind power system
under grid faults.

In Figure 2.18, the power grid is regarded as an ideal voltage source V in series
connection with grid impendence Z. A grid fault happens at point A, where Z; is
the line impendence between the wind farm terminal and the fault location.

In this case, the grid voltage at PCC (Vpcc) can be regarded as

Zf] -
Voee = s
Zr + Z

@2.11)

If the fault is asymmetrical, the voltage on the faulted phase can also be evalu-
ated this way. However, the transformer inside the wind farm (T1, T2 in Figure 2.18)
may change the fault type. The grid voltages at the PCC under different fault types
are shown in Table 2.2. Here V is the normal grid voltage amplitude, p is the voltage
dip level, which is mainly determined by the relationship between the impedance Z
and Z;,.

In less than 1 s after the grid fault, the circuit breaker is normally triggered by
the large fault current, and the fault is isolated from the grid, so that the grid voltage
can recover. As most breakers in the power system are AC-breakers, which can only
be opened when the fault current crosses zero. So, the voltage recovery time in each
phase will also be determined by the time when the fault current crosses zero, which
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- Griq voltgge

Figure 2.19  Voltage recovery after a three-phase short-circuit fault. ¢}, breaker of phase A
opens; 1,, breakers of phase B and C open and grid voltage recovers [23].

can be described with the angle between the fault current and voltage, also named as
the grid fault angle @ in [7]. When the grid fault happens in the transmission system,
the grid fault angle 6 is normally between 75° and 85°, while for the grid fault that
happens in the distribution system, 6 is normally between 45° and 60°. Taking the
three-phase short-circuit fault as an example; the voltage recovery after the grid fault
is shown in Figure 2.19. The breaker in phase A is open first at té, the grid voltage
in phase A recovers first. After tg, the three-phase fault becomes a two-phase fault.
In about 5 ms, the fault current between phases B and C crosses zero at f, and the
breakers in phase B or C are opened, and the three-phase grid voltage recovers to
normal.

The voltage recovery after different types of grid faults may come through a
few steps like the ones listed in Table 2.3.

TABLE 2.3 Voltage recovery after grid faults with different fault types [23]

Fault type Stage 1 Stage 2 Stage 3
Three-phase Two-phase Normal grid

short-circuit fault short-circuit fault

Three-phase Two-phase Single-phase Normal grid
to ground fault to ground fault to ground fault

Two-phase Single-phase Normal grid

to ground fault to ground fault

Two-phase Normal grid

short-circuit fault

Single-phase Normal grid

to ground fault
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It should be noticed that the grid voltages after grid faults or recoveries are
influenced by other dynamic effects in the power system, such as the saturation of
transformers, the induction machines connected to the fault line, etc.

As most grid faults are temporary, after the faults are isolated, the circuit breaker
in the transmission system may be reclosed automatically to improve the service con-
tinuity. However, if the fault is permanent, the reclosing of the circuit breaker may
introduce a second fault right after the first one. This is one of the main reasons of
recurring grid faults, which a wind turbine should also be able to handle.

2.5.4 Unbalanced Grid Voltage

The unbalanced grid voltage in a power system can be generally classified under two
conditions. One is the short-time unbalance introduced by asymmetrical grid faults,
as introduced in Section 2.5.3. The other is the long-time unbalanced grid voltage
introduced by asymmetrical line impendence, or the asymmetrical load, for example,
the electrified railway supplied by single-phase power line.

The degree of asymmetry 7, in a grid is usually used to describe the unbalance
of the grid. It is defined as the ratio of the negative-sequence to the positive-sequence
grid voltage amplitudes, as shown in (2.12).

[V]
7, = — x 100% (2.12)
v,

N

where v,

and | v p| are the amplitudes of the negative- and positive-sequence grid
voltages, respectively.

For the unbalanced grid voltage introduced by the asymmetrical grid faults, the
degree of asymmetry 7, is relatively large but it will only last for no more than a
second. For the unbalanced grid voltage introduced by the asymmetrical line impen-
dence or asymmetrical load, although the degree of asymmetry z,, may only be 2-4%,
itis a steady-state unbalance and it usually lasts longer. As the wind farms are usually
located in remote areas, the weak grid may also increase the degree of asymmetry.

2.5.5 Grid Harmonic Voltage

The harmonic voltages in power systems are generated by the voltage source or the
loads. For example, the magnetic saturation in generators and transformers will intro-
duce 3rd-order harmonic voltage, and the nonlinear loads will bring 5th, 7th, 11th, and
13th order harmonic voltage into the grid, and the interactions between the convert-
ers can also bring harmonics into the system. The harmonic voltage will reduce the
power quality of the power system as well as the efficiency of the devices connected
to the grid, causing overheating of the transformer or power lines, and sometimes
even resonances.
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The total harmonic distortion (THD) is used to characterize the power quality
of the power systems, and it is defined as the ratio of the RMS voltage of all harmonic
components to the RMS voltage of the fundamental component, as shown in (2.13).

Vorms2 + Vapms2 + o + Vo2
THDn — \/ 2rms 3rms S o 100% (2.13)

Vlrms
where V.. is the RMS grid voltage of the fundamental component, and V,,,.. to
V.,.ims are the second to nth harmonic voltage components.
As the wind farms are normally located in remote areas, the grid harmonic
voltage may also be enlarged in the weak grid, which brings more challenge to the
wind power system.

2.6 SUMMARY

In this chapter, the basic knowledge related to modern WPS is introduced, especially
for the variable-speed WPS. Three basic wind power concepts are introduced. The
modeling of the wind turbine is discussed, and the control of the variable-speed wind
turbine is explained. Then, the operation range of a wind turbine is analyzed in detail.
The static operating conditions of a variable-speed wind turbine are also investigated.

The basic control of generators and power converters in different concepts of
the variable-speed WPS are also introduced. At last, the wind power transmission,
the grid faults and distortions in power systems are discussed.

From this chapter, a brief picture of how a wind power system is working, and
how the wind energy is transferred to the power grid is established. Since the grid
faults and distortions are inevitable in today’s power system, grid codes are made
to regulate the operation of grid-connected wind power systems in order to improve
their grid connection. Different grid codes for the wind power systems in the world
will be introduced briefly in Chapter 3.
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CHAPTER 3

GRID CODES FOR WIND POWER
GENERATION SYSTEMS

The grid codes for the wind power generation system are the “laws” for wind turbines
to be connected to the power grid. They are developed by the power system operators
in order to smoothen the effects of high wind power penetration on the power system
stability and power quality. One of the main targets of the wind turbine manufacturers
is to develop the corresponding control strategies and protection schemes to satisfy
the related grid codes and be able to sell the product to the market. In this chapter,
the grid codes for wind power generation system connection in several countries are
introduced, including the grid codes for steady-state operation, as well as the grid
codes under abnormal operations, such as grid faults, unbalanced grid voltage, and
harmonic distortions.

3.1 INTRODUCTION

The grid codes (GC) for the wind power generation system are the “laws” for wind
power systems (WPS) to be connected to the grid. The GCs are normally developed
by the transmission system operators (TSO) or distribution system operators (DSO)
according to their experience acquired through the operation of power systems, in
order to smoothen and adapt the effects of wind power penetration on the power sys-
tem stability and power quality. Some of the regulations have also been incorporated
into technical standards, for example, IEEE standard 1547 [1].

Before a large amount of the renewable energy was connected into the grid,
the power sources in the power system were mainly large synchronous generators in
thermal power stations or hydro stations. The technology of large synchronous gen-
erators has been well established over many decades. The synchronous generators
are able to support the grid by offering inertia, oscillation damping, reactive power
generation, short-circuit capability, and fault ride through (FRT). The stability the-
ory of modern power system is also established based on the characteristic of the
synchronous generators.

With respect to the wind power integration, unfortunately, as the wind power
is not constant and less predictable, the wind generator does not act as synchronous

Advanced Control of Doubly Fed Induction Generator for Wind Power Systems, First Edition.
Dehong Xu, Frede Blaabjerg, Wenjie Chen, and Nan Zhu.
© 2018 by The Institute of Electrical and Electronics Engineers, Inc. Published 2018 by John Wiley & Sons, Inc.
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generators in many ways. The general demand to the grid codes for the WPS is that
the WPS should behave as synchronous generator-based conventional power plants
as much as possible so that the stability of the power system with wind power integra-
tion can be ensured. The grid codes are also developed continuously with the devel-
opment of new wind generation technologies. The first generation of WPS employed
was a fixed-speed wind turbine with a caged induction generator directly connected
to the grid. The output active and reactive powers cannot be regulated and the FRT
was difficult to achieve. Most of the earlier GCs usually did not fulfill the demands.
With the development of variable-speed WPS such as doubly fed induction generator
(DFIG) and permanent magnet synchronous generator WPS, more degrees of free-
dom have been achieved with the help of variable-speed wind turbine, especially the
power electronics converters. For example, the output active and reactive powers can
be regulated in a wide range according to the demands of the TSO, to provide support
to the power system, and the FRT can also be achieved. As a result, nowadays, the
GCs are specified with more demands for the WPS.

Another important fact is that the wind power penetration has increased rapidly
during the last two decades. Now in some countries, for example, in Denmark, it is
larger than 40%. Also, the capacity of the wind farms continues to increase. Today,
the large wind farms usually reach capacities of hundreds of MW and even GW. So
the influence of the WPS on the power system’s stability becomes more and more
significant. The GC requires the WPS to take the responsibility to ensure the stability
of the power system.

Although the GCs in different countries are developed by different TSOs or
DSOs, they usually include the following demands for the WPS.

During normal operation, the WPS is required to generate active and reactive
powers within a range around the rated voltage and frequency. The active power
response speed and the reactive power capacity are restricted as well. In some coun-
tries, the WPS should also provide reactive power support according to the variation
of the grid voltage and take part in the voltage control.

Under grid faults, the WTS should remain connected to the grid and provide
reactive power to support the grid, and the active power generation should be restored
in a required time which is also referred to as FRT requirements. In some coun-
tries, the behavior of the WPS under voltage swells or recurring grid faults are also
restricted by the GCs. Furthermore, the power quality must be ensured within a cer-
tain range of grid voltage unbalance and distortions.

This chapter gives an overview of the grid codes for normal and abnormal oper-
ations of WPS.

3.2 GRID CODE REQUIREMENTS UNDER
NORMAL OPERATION

3.2.1 Frequency and Voltage Deviation

The wind turbine should be a part of the static operation and the requirements demand
so that the WTS will operate within a range around the rated voltage and frequency.
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Figure 3.1 Frequency and voltage deviation requirements for wind power plant in (a) China
[2]; (b) Denmark [3]; (c) Germany [4]; and (d) Spain [5].

Usually, this requirement can be described using three zones: (a) continuous oper-
ation zones, which means the WPS needs to operate normally in these zones, (b)
time-limited operation zones, within which the WPS needs to operate for a certain
period, and (c) immediate disconnection zones, which means that the WPS should
be disconnected immediately in order to protect the turbine and the power system.
The frequency and voltage deviation requirements in China, Denmark, Germany, and
Spain are shown in Figures 3.1a-3.1d, respectively.

The Chinese GC [2] demands that the WPP should keep normal production
within a voltage range of 90-110% of the normal voltage, and within a frequency
range of 49.5-50.2 Hz (at the point of common coupling (PCC) for wind farm). When
the frequency is between 48 and 49.5 Hz, the WPP should keep working for at least
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30 min. When the frequency is higher than 50.2 Hz, the WPP should keep working
for at least 5 min, and reduce the active power generation or disconnect according to
TSO’s grid demands, which is shown in Figure 3.1a.

In Denmark [3], the WPP requires to keep normal production within a voltage
range of 90-110% of the normal voltage, and within a frequency range of 49.5-50.5
Hz. When the frequency is between 49.5 and 49 Hz, 48 and 49 Hz, the WPP should
keep 90-100% of the normal production for at least 5 hours and 30 min, respectively.
When the frequency is between 47.5 and 48 Hz, 47 and 47.5 Hz, the WPP should keep
85-100% normal production for at least 3 min and keep 85-100% normal production
for at least 3 s, respectively. When the frequency is between 50.5 and 52 Hz, the WPP
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TABLE 3.1 The active power changing rate limitation regulated by the Chinese GC [2]

Maximum active power Maximum active power
Wind farm capacity (MW) change rate in 10 min (MW) change rate in 1 min (MW)
<30 10 3
30-150 Capacity/3 Capacity/10
> 150 50 15

is required to keep 60-100% normal production for at least 15 min, which is shown
in Figure 3.1b.

The German GC (E.ON) covers a larger frequency and voltage deviation area
[4], as shown in Figure 3.1c. It requires the WPP to keep normal production within
a voltage range of 80—110% of the normal voltage, and within a frequency range of
49.5-50.5 Hz. When the voltage is between 80% and 120% of the normal voltage,
and when the frequency is between 48.5 and 51.5 Hz, the WPP should keep working
for at least 30 min. The WPP is also required to keep working for at least 20 and
10 min, when the frequency is between 48 and 48.5 Hz, and between 47.5 and 48
Hz, respectively. For offshore wind farms, the WPP should keep working for at least
10 s when the frequency is between 46.5 and 47.5 Hz, as well as between 51.5 and
53.5 Hz.

In Spain [5], the GC demands the WPP to keep working within a voltage range
of 90-110% of the normal voltage, and within a frequency range of 48-51.5 Hz.
When the voltage ranges from 110% to 115% of the normal voltage, the WPP should
keep working for at least 1 hour. When the voltage is between 85% and 90% of the
normal voltage, the WPP should keep working for at least 3 hours to 3 min, and when
the frequency is between 47.5 and 48 Hz, the WPP needs to work for at least 3 s.

3.2.2 Active Power Control

The GC requirements on the active power control normally include two aspects. One
is that the active power from the wind farms should be limited according to the TSO’s
demands, and the change rate of the active power should also be regulated to ensure
the stability of the power system. The other is that the active power output should be
changed during the frequency variation, so the WPP can be involved in the primary
control of the power system when the wind is blowing.

The limitation of the active power change rate in the Chinese GC [2] is shown in
Table 3.1. It demands the wind farm to limit the change rate in 1 and 10 min, accord-
ing to the wind farm capacity. In the German grid code, the active power must be
reduced at least 10% per min after received the active power command. In the Dan-
ish grid code [3], it is required that the wind power plant must be equipped with the
active power constraint functions. Three constraint functions are demanded, includ-
ing the absolute power constraint, the delta power constraint, and ramp rate constraint
functions. The absolute power constraint is used to limit the active power from a wind
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Figure 3.2 Frequency response demands in the Danish grid code [3].

power plant to a set point defining the maximum power limit at the point of connec-
tion. The delta power constraint is used to constrain the active power from a wind
power plant to a required constant value in proportion to the possible active power.
If the set point for the absolute power constraint or delta power constraint needs to
be changed, it must be commenced within 2 s and completed no later than 10 s after
the receipt of an order to change the set point. The ramp rate constraint is used to
limit the maximum speed by which the active power can be changed in the event
of changes in wind speed or the active power set points. A ramp rate constraint is
typically used for the reasons of system operation in order to prevent the changes in
the active power from adversely impacting the stability of the grid. Control using a
new ramp rate for the ramp rate production constraint must be commenced within 2 s
and completed no later than 10 s after the receipt of an order to change the ramp
rate.

In some counties, the output active power of the WPS, or wind farms, should be
regulated with a variation of the grid frequency. In Denmark, in the event of frequency
deviations in the grid, the WPS must contribute to grid stability by automatically
reducing the active power at grid frequencies above 50.20 Hz. The Control must start
no later than 2 s after a frequency change is detected and must be completed within
15 s, which is shown in Figure 3.2.

The German grid code (E.ON) [4] demands that when the grid voltage fre-
quency is higher than 50.2 Hz, the WPP should reduce the active power according to
the grid frequency. The power reduction AP can be expressed as (3.1)

50.2 Hz = fo,iq
50 Hz

where P, is the available power and f,,;, is the grid frequency. When the grid fre-
quency is between 47.5 and 50.2 Hz, no active power limitation is carried out, and

AP = 20Py, , when 50.2 Hz < f,,;4 <51.5 Hz 3.1
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when the frequency is higher than 51.5 Hz or lower than 47.5 Hz, the WPP should be
disconnected from the grid, as shown in Figure 3.1.

3.2.3 Reactive Power Control

The reactive power control requirements demand that the WPP should regulate the
output reactive power Q independently, or in response to the grid voltage variation
to provide the necessary reactive power support to the power system. In general, the
reactive power requirement is usually given in three different ways:

* Q Control: The reactive power should be controlled independently of the active
power at the point of connection, according to the demands from the TSOs.

* Power Factor Control: The reactive power is controlled proportionally to the
active power at the point of connection.

* Voltage Control: It is a function which controls the voltage in the voltage ref-
erence point by changing the reactive power generation.

It should be noticed that the Q control and voltage control functions are mutu-
ally exclusive, which means that they normally cannot be activated at the same time.

In China, the grid code demands that the power factor of the wind farms should
be regulated within a range of 0.95 (lead) to 0.95 (lag). The wind farms should also
have the ability of Q control and voltage control. When the power system is under
normal operation, the terminal voltage of the wind farms should be controlled within
arange of 97-107% of the normal voltage.

In Spain, the WPS should provide the reactive power with a minimum range of
0.15 (lagging) to 0.15 (leading) under normal voltage and for all technical P ranges.
Also, the WPS should provide the reactive power with a minimum range of 0.3 (lag-
ging) to 0.3 (leading) as a function of the grid voltage [5], like shown in Figure 3.3a.

In the Danish grid code, the Q control, power factor control, and voltage control
are all required for WPS for the installed capacity smaller than 25 MW. The detailed
demands are different according to the capacity of the WPS. For the WPS in the
capacity range of 1.5-25 MW, the WPS should provide a minimum reactive power
capacity of 0.228 pu (leading or lagging), and should be able to control the power
factor with a minimum range of 0.975 (leading) to 0.975 (lagging) under normal grid
voltage with different active power outputs. The minimum range of the reactive power
is also related to the grid voltage variation, as shown in Figure 3.3b. The WPS should
further have the ability to stabilize the voltage at the voltage reference point given
by the TSOs. Voltage control must have a setting range from minimum to maximum
voltage with an accuracy of 0.5%. If the voltage set point needs to be changed, such
a change must be commenced within 2 s and completed no later than 10 s after the
receipt of an order to change the set point. The individual wind power plant must be
capable of performing the control within its dynamic range and voltage limits with
the droop characteristic configured as shown in Figure 3.4.

The voltage control reference point is the voltage reference point. When the
voltage control has reached the wind power plant’s dynamic design limits, the
control function must wait for the possible overall control from the tap changer or
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Figure 3.3 The minimum range of the reactive power related to grid voltage in (a) Spanish
[5] and (b) Danish grid codes [3].

other voltage control functions. The overall voltage coordination is handled by the
electricity supply undertaken in collaboration with the transmission system operator.

3.2.4 Inertial Control and Power System Stabilizer Function

Conventional generators in a power system are fixed-speed, synchronous generators
rotating at synchronous speed, and providing a substantial synchronous inertia to keep
the frequency during faults. This inertia provides important short-term energy storage
so that small deviations in the system frequency result in the spinning inertias only
accelerating or decelerating slightly. The large inertia absorbs excess energy from the
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Figure 3.4  Voltage control for a wind power plant in the Danish grid [3].

system or provides additional energy as required. Also, the large inertia can provide
emergency energy in the event of a sudden loss of generation.

Power system stabilizer (PSS) functions can be provided by conventional gen-
erators as well. The output power of the generator is controlled in response to the
frequency deviations, in order to damp out resonances between generators. These res-
onances are most likely to occur between two groups of large generators separated
by a relatively weak interconnection.

The modern WPS are mostly variable-speed generators controlled by power
electronics converters. They have a faster dynamic response compared to the con-
ventional generators. However, they have less synchronously connected inertia. As
a result, with the increase of the wind power installation into the grid, the inertia of
the power system will be smaller and therefore the power system will be harder to
control under frequency disturbances and sudden loss of generation.

So, it has been discussed that in future GCs, the WPS would be required to
provide a similar inertia with conventional synchronous generators, which can be
achieved by the control of power electronics converters. Also, the PSS function can
be provided by the variable-speed WPS and it might be required. However, as the
variable-speed wind turbines have very little synchronously connected inertia, the
risk of such resonances actually reduces as the wind penetration increases. Thus,
there is an argument that PSS functions should be provided only by the conventional
generation, but it is a topic for continuous discussion.

3.3 GRID CODE REQUIREMENTS UNDER
NON-IDEAL GRID

3.3.1 Low Voltage Ride-Through Requirement

It has previously been introduced that the grid faults will introduce voltage dips in
power systems. Besides, a sudden connection of large loads and the start of induction
machines may also result in voltage dips in the power system.
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The earlier GCs usually required that the WPS should be disconnected from the
grid experience voltage dips, in order to protect the WPS from overvoltage or overcur-
rent introduced by the voltage dips. With the increase of the wind power installation
into the grid, disconnection of the WPS under voltage dips may lead to the following
problems in the power system:

* When the WPS is disconnected from the grid, the protections in the power
system (mainly the breakers) were unable to detect faults in the lines near the
wind farms, due to the loss of fault current from the wind farms.

* The loss of wind power generation may cause instabilities of the power system
and may worsen the grid faults.

As a result, the recent GCs in many countries have required the WPS to stay
connected to the grid and provide reactive power support to the grid, also mentioned
as low voltage ride-through (LVRT) or FRT requirements. Three requirements are
normally requested to the WPS to fulfill the following three aspects of demands
[6,7]:

¢ Keep connected to the grid under certain levels of voltage dips.

* Provide reactive power support within a required dynamic response dependent
on voltage level.

* Restore the active power generation after grid voltage recovery.

3.3.1.1 Voltage Dip Tolerance

This requirement indicates a maximum voltage dip level and duration under which the
WPS must stay connected to the grid, for both asymmetrical and symmetrical fault.
They are normally described by the grid voltage versus duration curves, as shown
in Figure 3.5. The WPS must stay connected to the grid in the grid voltage and the
duration areas above these curves, as it is shown by the shadowed areas in Figure 3.5.
For the areas below these curves, the WPS can be disconnected from the grid.

The GCs in China, Spain, and Denmark require the WPS to stay connected to
the grid when the grid voltage falls to 20% of its normal value for 500-625 ms at
most. In Germany, United States, and Australia, the GCs are stricter on the voltage
dip tolerance. The WPS should stay connected to the grid even when the grid voltage
is down to zero, which means the fault location is just at the terminals of the wind
farm. The fault duration is 150 ms at most in these cases.

3.3.1.2 Reactive Current Support

The reactive current support requirements indicated the smallest reactive current
which the WPS must provide under voltage dips with different voltage dips level,
and in some countries, under different types of voltage dips. The requirements in
different countries are shown in Figure 3.6. The German GC requires the WPS to
provide 1 pu reactive current when the grid voltage is smaller than 0.8 pu, while in
China, the WPS is required to provide 1.4 pu reactive current when the grid voltage
is down to 0.2 pu under symmetrical voltage dips. In Denmark and Spain, the WPS
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is required to provide at least 1 pu reactive current, when the grid is down to 0.5 and
0 pu, respectively.

Another aspect of the reactive current support requirement demands is that the
reactive current must be provided within a required response time after the voltage
dips. The reactive current response time in different countries are listed in Table 3.2.
The German and Spanish grid codes demand the WPS provide the reactive current
support in only 30 and 20 ms after the voltage dips, respectively. In China and Den-
mark, the reactive current response speed is required to be 80 and 100 ms after the
voltage dips. This is also a large challenge for the WPS, especially for the DFIG WPS,
as the stator time constant of the large scale DFIG is normally larger than 1 s.

Besides for reactive current support, the active current is also required to be
maintained after voltage dips. For example, in Denmark, the WPS is demanded to
provide active power as much as possible if the reactive current support requirements
have been fulfilled. In Australia, the active current should only be reduced by 30% of
the previous value under voltage dips.

3.3.1.3 Active Power Restore after Voltage Recovery
The WPS will return to normal operation conditions after the voltage recovers to
the normal value. The GC has also related demands that the WPS should restore

TABLE3.2 Demands to the reactive current response time in different countries

Countries China [2] Germany [4] Denmark [3] Spain [5]

Reactive response time (ms) 80 30 100 20-150
Decided by the voltage dip
level and type of dip




3.3 GRID CODE REQUIREMENTS UNDER NON-IDEAL GRID 55

TABLE 3.3 The active power restore speed in different countries

Countries Requirements

China [2] The WPS should restore the active power generation within the minimum speed of
0.1 pu per s after the grid voltage recovers.

Germany [4] The WPS should restore the active power generation within the minimum speed of
0.2 pu per s after the grid voltage recovers.

Denmark [3] The active power generation should be restored to 100% of the value before the
fault in Ss after the grid voltage recovers.

Australia The active power generation should be restored as soon as possible after the grid

voltage recovers. The restoration rate is determined by the TSO and it cannot be
smaller than 3% of the value before the fault.

the active power generation and back into normal operation within a required time.
The demanded active power restoration speeds in different countries are listed in
Table 3.3.

The active power restoration speed demanded by different countries are much
slower compared to the reactive power response speed and the WPS are required to
restore the active power in more than 1 s after the voltage recovery in many countries.

3.3.2 High Voltage Ride-Through Requirement

A high voltage in the power system can be introduced by large loads switching on
and off, single-phase short-term interruption (STI) or overcompensation of the reac-
tive power supplied by the capacitor banks. Many of the voltage swells come along
with the grid voltage dips. In recent GCs, the WPS is also required to stay connected
to the grid during the voltage swells, and absorb reactive power to help the power
system with voltage control. It is also called as high voltage ride-through (HVRT)
requirements.

The HVRT requirements for WTSs in Germany and Spain are shown in
Figure 3.7. It is required for WTS to stay connected for at least 0.1 s if the voltage at
the PCC reaches to 120% of its normal value in Germany; while in Spain, the WTS
should stay connected to the grid for 0.15 s under a 130% voltage swell situation.

Similar to the LVRT operation, the WTS have to provide reactive power support
to the grid during HVRT. However, instead of delivering reactive power to the grid,
the WTS should absorb reactive power during HVRT operation in order to alleviate
the voltage rise at the PCC, as it is shown in Figure 3.7b. The German grid code
demands the WTS to absorb as least 1.0 pu reactive current during under a 120%
voltage swell situation, while in Spain, the requirement is to absorb about 0.73 pu
reactive current under a 130% voltage swell condition.

3.3.3 Recurring Fault Ride-Through Requirement

Recurring fault can be introduced by the auto-reclosing of the breaker in the power
system after a permanent fault, which is also a challenge for the WTSs. Thus, the
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Danish GC [3] has defined that the WTSs should withstand recurring faults, besides
for the single fault discussed in 3.3.1. The wind power plant and any compensation
equipment must stay connected after faults have occurred in the power grid as spec-
ified in Table 3.4. The requirements apply at the PCC, but the fault sequence is at a
random point in the grid.

TABLE 3.4 Fault types and duration of the recurring fault ride-through requirement in the
Danish grid code [3]

Type Fault duration

Three-phase short circuit Short circuit for a period of 150 ms.

Two-phase short circuit with/without Short circuit for a period of 150 ms followed by a new
earth contact short-circuit fault of 150 ms after 0.5-3 s.

Single-phase short circuit to earth Single-phase-to-ground fault of 150 ms followed by a new

single-phase-ground fault with the same duration after
0.5-3s.
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The energy reserves provided by the auxiliary equipment such as emergency
supply equipment, the hydraulic system and also the pneumatic system should be suf-
ficient for the wind power plant to meet the requirements in Table 3.4 in the event of at
least two independent faults of the specified types occurring within 2 min. The energy
reserves provided by the auxiliary equipment such as emergency supply equipment,
the hydraulic system, and the pneumatic system should be sufficient in order for the
wind power plant to meet the specified requirements in the event of at least six inde-
pendent faults of the types specified in Table 3.4 occurring at 5-min intervals. This is
also illustrated in Figure 3.8.

3.3.4 Unbalanced Grid Operation

The operation of the WPS under short-term unbalanced grid voltage dips introduced
by the grid faults has been introduced in the LVRT requirements part. In this part, the
unbalanced grid voltage indicates long-term steady unbalanced grid voltage. In the
Chinese GC, the WPS is required to keep normal operation when the asymmetrical
rate is smaller than 2%, or smaller than 4% for a short time. In Denmark, the GC
also limits the asymmetry between each phase to a specific value. Other international
standards such as EN50160, IEC1000-3 have also the related requirements to the
unbalanced grid operation of the WPS [10, 11].

3.3.5 Harmonic Distortion Requirements

This kind of specification has focused on the output power quality of the WPS. It
normally limits the THD of the output current of the WPS or the wind farms to a
specific value. Also, it is required that the WPS should keep operation with a high
quality under harmonic distorted grid voltage. In China, the GC demands that the
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TABLE 3.5 Largest harmonic current injection into the grid in the Chinese GC: Part 1

Rated  Short-circuit

. Harmonic order and the largest harmonic current injection into the PCC (A)
voltage capacity

(kV)  (MVA) 23 4 5 6 7 8 9 10 11 12 13
038 10 78 62 39 62 26 44 19 21 16 28 13 24
6 100 43 34 21 34 14 24 11 11 85 16 7.1 13
10 100 26 20 13 20 85 16 7.1 13 61 68 53 1
35 250 1512 77 12 51 88 38 41 31 56 26 47
66 500 16 13 81 13 54 93 41 43 33 59 27 50
110 750 12 96 60 96 40 68 30 32 24 43 20 37

largest harmonic current injection into the grid (PCC) is as shown in Tables 3.5
and 3.6.

Also, the maximum voltage harmonic distortion in the Chinese public grid is
shown in Table 3.7. So, the WPS must provide a high quality output power even under
harmonic distorted grid voltage, as listed in Table 3.7 for China.

Similar requirements can also be found in Danish GC. For the WPS with the
capacity smaller than 1.5 MW, the harmonic current injected into the grid at the PCC
should be smaller than the limitation as listed in Table 3.8. For the WPS with a capac-
ity larger than 1.5 MW, the wind farm should make sure that when the WPSs are
connected to the grid, the THD of the grid voltage at the PCC is under the limitation
regulated by IEC-61000-3-6, as shown in Table 3.9.

In Table 3.9, MV represents medium Voltage (1-35 kV), HV is high voltage
(35-230kV), and EHV represents extremely high voltage (>230 kV) [12].

3.4 GRID CODES FOR DISTRIBUTED WIND
POWER GENERATION

Most of the GCs introduced previously are valid for centralized WPS, normally with
ten and above MW rated capacity and connected directly to the transmission lines.

TABLE 3.6 Largest harmonic current injection into the grid in the Chinese GC: Part 2

Rated  Short-circuit

. Harmonic order and the largest harmonic current injection into the PCC (A)
voltage capacity

kV) (MVA) 4 15 16 17 18 19 20 21 22 23 24 25
038 10 11 12 97 18 86 16 78 89 71 14 65 12
6 100 6.1 68 53 1 47 9.0 43 29 39 74 2.6 6.8
10 100 47 4.1 32 6.0 2.8 54 26 29 23 45 2.1 4.1
35 250 22 25 19 36 17 32 15 19 14 27 13 2.5
66 500 23 26 20 38 1.8 34 16 19 15 28 1.4 2.6

110 750 1.7 15 15 28 13 25 1.2 14 1.1 2.1 1.0 1.9
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TABLE 3.7 Maximum voltage harmonic distortion in the Chinese public grid

Harmonic voltage (%)

Rated voltage (kV) THD (%) Odd order Even order
0.38 5.0 4.0 2.0
6 4.0 32 1.6
10
35 3.0 24 1.2
66
110 2.0 1.6 0.8

Distributed wind power generation systems are directly connected to the distributed
power system (normally with a voltage rating lower than 35 kV). It is more flexible
and the transmission cost can be saved. It may be another trend of the wind power
development besides the offshore wind power generation [13].

The GCs for distributed power generation are normally made separately from
the GC for centralized WPS. The IEEE 1547 [1] is the earliest international stan-
dard for distributed power generation systems, including the distributed wind power.
The State Grid of China has published the related GC Q/GDW 480-2010 for any dis-
tributed generation (including synchronous machine, induction machine, converters,
etc.) connected to the distributed grid with the voltage level lower than 10 kV. In Ger-
many, the published GC standards for power plants connected into the low-voltage
distributed grid in 2011 (VDE-AR-N 4105:2011-08). A similar grid code can also be
found in other countries, such as Great Britain and Canada. They will be introduced
in detail as follows [14, 15].

3.4.1 Grid Limitation

As the capacity of the distributed power system is normally much smaller than the
transmission power system, the GCs in some countries limit the installed capacity of
all kinds of distributed generation system. In China, the GC demands that the total
installed capacity of the distributed generation system will not exceed 25% of the
front transformer capacity. The ratio between the short current capacity of the PCC
and the rated current of the distributed generation system will not be lower than 10:3.
A distributed generation system with a capacity smaller than 200 kW is suggested

TABLE 3.8 Largest harmonic current injection into the grid specified in the Danish GC

Odd-order harmonics % Even-order harmonics &
(no multiple of 3) (no multiple of 3)
Voltage
level (AC) 5 7 11 13 17-49 2 4 8-50
<10kV 3.6 2.5 1.0 0.7 —

>10kV 4.0 4.0 2.0 2.0 400/1? 0.8 0.2 0.1
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TABLE 3.9  Grid harmonic voltage limitation regulated by IEC-61000-3-6

Odd-order harmonics Odd-order harmonics
(no multiple of 3) (multiples of 3) Even-order harmonics
Harmonic Harmonic Harmonic
. voltage (%) . voltage (%) . voltage (%)
Harmonic Harmonic Harmonic
order h MV HV-EHV order h MV HV-EHV order h MV HV-EHV
5 5 2 3 4 2 2 1.8 1.4
7 4 2 9 12 1 4 1 0.8
11 3 1.5 15 03 03 6 0.5 0.4
13 2.5 1.5 21 0.2 02 8 0.5 04
11-19 19%x17/ 12x17/h 21-45 02 02 10-50 0.25%x 10/ 0.19x 10/
h—12 h+0.22 h+0.16

to be connected to the 380 V grid, while the distributed generation system with the
capacity larger than 200 kW is suggested to be connected to 10 kV or higher voltage
level grid [16].

The German GC and IEEE 1547 did not limit the integration capacity of the
distributed generation system directly. But it is required in IEEE 1547 that the voltage
variation introduced by the distributed generation system at the PCC will not exceed
5% of the rated voltage, while in Germany, the voltage variation introduced by the
distributed generation system at the PCC is limited to 3%.

3.4.2 Active and Reactive Power Control

In many countries, the GC for distributed generation and for centralized wind power
generation may be very different. For Centralized WPS or wind farms, the GC
demands that they should join the voltage and frequency control of the power sys-
tem by generating reactive or active power according to the TSO’s command or the
current grid voltage and frequency [17]. For distributed generation systems, as the
voltage and frequency control is normally achieved in the transmission power sys-
tem, the voltage and frequency control function is not required in the IEEE 1547
standard, the Canadian grid code or the Chinese grid code. If the grid frequency is
out of the normal range, the distributed generation system should be disconnected
from the grid, as shown in Table 3.10.

TABLE 3.10 Frequency response in the Chinese GC for distributed generation system

Frequency range (Hz) Connected into grid at and above 10 kV Connected to 380 V grid

<48 Not required Not required

48-49.5 Keep operating for 10 min Disconnected in 0.2 s
49.5-50.2 Keep normal operating Keep normal operating
50.2-50.5 Keep normal operating Disconnected in 0.2 s

>50.5 Disconnected immediately Disconnected in 0.2 s
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TABLE 3.11 Frequency response in the German GC for distributed generation system

Frequency range (Hz) Action

<475 Disconnect immediately

47.5-50.2 Keep normal operating

50.2-51.5 The output active power should be reduced by 40% per Hz with the

frequency increase. The active power can only be increased after the
frequency is lower than 50.05 Hz.
>51.5 Disconnect immediately (in 0.2 s)

It should be mentioned that in the German GC for distributed power system,
active power and reactive power control under grid frequency and voltage variation
are required. The distributed power system should adjust the active power according
to the demands from the DSO and to the grid frequency, as listed in Table 3.11. For
the reactive power control, the Q control, power factor control, and voltage control
are all required for the distributed power system, according to the DSO’s commands
[8,9].

3.4.3 Operation under Grid Faults

Although the FRT requirements are very important parts in the GC for centralized
WPS, it is not required in the GC for distributed generation system in China, Canada,
and in the IEEE 1547 standards. The distributed generation system should disconnect
from the grid under grid fault immediately. The German GC for distributed generation
system requires that the distributed generation system should have the FRT ability, as
shown in Figure 3.9. The distributed generation system is required to stay connected
to the grid even if the grid voltage falls to zero, for at least 150 ms, and the reactive
current support is also required [18].
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Figure 3.9 LVRT requirement in Germany for the distributed generation system.
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Apart from the FRT requirements, an islanding detection is required for the
distributed generation system in some countries. The IEEE 1547 indicated that the
distributed generation converter should be cut-off from the grid after 10 cycles after
the islanding happens, and the distributed generation system should detect the island-
ing and stop the power converter within 2 s. The Chinese GC for distributed genera-
tion system also requires the distributed generation converter to detect the islanding
operation and stop the power converter after the islanding happens [19].

3.5 SUMMARY

The grid codes are the “laws” for wind turbines to be connected to the grid. It is also
the demand to be fulfilled when designing a control strategy for a WPS. In this chap-
ter, the grid codes for wind power generation system connection in several countries
are introduced, including the grid codes related to the voltage and frequency devi-
ation, active power/frequency control, and reactive power/voltage control. The grid
codes under abnormal operation, such as grid faults, unbalanced grid voltage, and
harmonic distortions are introduced as well. The grid codes for the distributed gen-
eration system may be quite different from the centralized WPS and the related grid
codes for distributed generation system are also discussed in this chapter.
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CHAPTER 1

MODELING OF DFIG WIND
POWER SYSTEMS

In this chapter, the modeling of the DFIG wind power system is introduced, including
the steady-state model of the DFIG, the dynamic model of the DFIG, and the power
electronic converter. It may be helpful for the readers to understand the operation of
the DFIG wind power system, which are the fundamentals of designing the control
systems given in the following chapter.

4.1 INTRODUCTION

The basics of the wind power system and its related grid codes have been introduced
in Chapters 2 and 3. The reader should have a brief concept of the wind power sys-
tem and the requirements of the grid. From this chapter onward, the book will focus
on the modeling and control of DFIG wind power system. To design the control of
wind power systems, it is necessary to know models for DFIG wind power systems,
including the steady-state and dynamic model of both DFIG and power converters.
Since these models describe the operation relationship of the variables in the DFIG
power system, they are the fundamentals for designing controls for the system in the
following chapters.

In this chapter, first, the steady-state model of the DFIG is introduced. The
typical operation modes with different rotor speed and active/reactive power output
conditions are discussed with corresponding phasor diagrams. Second, the dynamic
model of the DFIG and power electronic converter in different reference frames (abc,
apf, and dq) are introduced. The relationship of dynamic models under these different
reference frames is explained.

4.2 STEADY-STATE EQUIVALENT CIRCUIT OF A DFIG

As introduced in Chapter 2, a DFIG has two separate three-phase windings: the stator
winding and the rotor winding. Apart from the common-used caged-rotor induction
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=

Stator - Rotor

Figure 4.1 One-phase steady-state equivalent circuit of a DFIG.

machine, both the stator and rotor windings are supplied by power sources. The stator
winding is supplied by the grid while the rotor winding is usually supplied by a three-
phase inverter. To derive the steady-state model of the DFIG, it is assumed that both
the stator and rotor windings are connected with the star configuration. The grid is
ideal and its outputs are balanced three-phase voltages with constant amplitude and
frequency. The rotor voltages supplied by the inverter are also balanced three-phase
voltages with constant amplitude and frequency. In this case, DFIG’s three phases
are symmetric and it can be simplified to analyze characteristics of one phase of the
machine [1-7].

4.2.1 Steady-State Equivalent Circuit of a DFIG

One-phase concept figure of a DFIG is shown in Figure 4.1. In Figure 4.1, \75 and \7:
are the stator and rotor voltage phasors supplied by the grid and the inverter, respec-
tively. /_and I’ are the stator and rotor current phasors, respectively. E_and E are the

stator and rotor induced electromotive forces (EMFs), respectively. @ is the mutual
flux. L, is the mutual inductance. L;; and L;." are the leakage inductance of the stator
winding and rotor winding, R; and R’ are the stator and rotor resistances. Variables
with superscript r represent the rotor-side variables. The rotor rotates with a mechan-
ical angular speed @, .. If the pole pairs of the DFIG is n,,, the electrical angular
frequency of the rotor windings w,. is expressed by

W) = N0 “.1)

For simplicity, w, is simply called the angular frequency instead of electrical
angular frequency in this book.

As the stator side of the DFIG is connected to the grid, the angular frequency
of the voltages and currents in the stator windings is w, = 2xf, where f; is the grid
frequency and is also called the synchronous frequency. The angular frequency of the
induced EMF voltage in the rotor windings depends on both the stator flux rotational
speed and rotor rotational speed. It is determined by the following equation:

Wy = Wy — O, “4.2)
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It is observed that w,; is equal to the difference between the stator angular fre-
quency and the rotor angular frequency. It is called slip angular frequency of the DFIG
and f;; = w,; /2 is the slip frequency.

According to Figure 4.1, it is easy to write phasor equations for the stator side
and rotor side of the DFIG, respectively:

V, = E, + (R, +jo,L;)I (4.3)
V' = Er + (R + joy LI’ (4.4)

It should be noticed that equation (4.3) is derived based on the synchronous
frequency f; while equation (4.4) is expressed based on the slip frequency f;;. It is
common to transform the electrical variables in the rotor side into the stator side so
that it is easier to understand the relationship between the stator and rotor variables.

The stator windings and rotor windings of the DFIG are coupled with mutual
flux ®. The induced EMF on the stator winding is expressed as

E, = jokN,® = jo ¥ (4.5)

where N, is the number of turns of the one-phase stator winding, k, is the stator

winding factor, and ¥ is the flux linkage.
Similarly, the induced EMF on the rotor winding is represented as

E = jok,N,® (4.6)
where N, is the number of turns of one-phase rotor windings, and k, is the rotor
winding factor.

With equations (4.5) and (4.6), the relationship between 755 and E7 is derived:

E w, kN
oo Sl g L @.7)
ES a)S kSNS nsr

where S; = f, /f, = wy /wj is defined to be the slip ratio, n,, = N, /N, is the stator to
rotor turns ratio. Besides, the approximation k,. / k, ~ 1 is used in equation (4.7).
The relationship between stator-side variables and rotor-side variables is similar
to that of a transformer. It is natural to convert the variables in rotor side to stator side
by referring the analysis of the transformer.
Equation (4.4) can be rewritten by using equation (4.7).

= S,niés + (R + jog LI (4.8)

sr

the following

Sr>

After both sides of the equation (4.8) are multiplied by Sln
1

equation is obtained:

lnS,Vr’ =E, + <ln2 R’ + jon? LT ) Yfi

Sl Sl sror srlr (49)

Sr
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To simplify the expression of the above equation, the following variables or
parameters are introduced:

V, =n, V" (4.10)
- 1-

I=—1I 4.11
! Ngr " ( )

R.=n’R’ (4.12)

L,=n’L (4.13)

where \7r represents the rotor voltage \7: referred to the stator side, 7r represents the

rotor current Tf on the stator side, and R and Llr represent the rotor resistance R: and
leakage inductance L , respectively, on the stator side.
By using equations (4.10)—(4.13), rotor-side equation (4.9) is changed to

-

I

r

EZVr =E + <Sl,Rr +jwsL,,> (4.14)
In the above equation, rotor voltage and rotor current have been converted to
the stator side according to turns ratio of the stator winding to the rotor winding.
Rotor winding resistance and leakage inductance have been converted to the stator
side. It more clearly describes the relationship between the rotor-induced EMF and
stator-induced EMF.
The stator-induced EMF Es will produce magnetic current 7m in the motor:

-

Ev =jwsLmIm (4.15)

where L,, is magnetizing inductance.
By combining equations (4.5) and (4.15), following equation is derived:

g

le

' (4.16)

m

Magnetic current 7m can be expressed by

1

4.17)

~
Il
e

According to equations (4.3), (4.14), and (4.15), the one-phase steady-state
equivalent circuit of the DFIG is derived as shown in Figure 4.2. All variables in
the rotor side have been converted to the stator side. However, the frequency of the
variables in rotor side is different from that of the stator side. The frequency of
the variables in stator side is the synchronous frequency f, while the frequency of
the variables in rotor side is the slip frequency f;;.
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Figure 4.2 One-phase steady-state equivalent circuit of the DFIG referred to the stator side.

4.2.2 Power in the DFIG

Referring to Figure 4.2, the following equation can be obtained according to KCL:
I,=T +1 (4.18)
By applying KVL to the left loop in Figure 4.2, the following equation is

obtained:

V, =R, +jX, I, +X,1 (4.19)

m-m

where X, = w,L;,, X,,, = o,L,,.
Similarly, by using KVL to the right loop in Figure 4.2, the following equation
is obtained:

V. R- - -
— = 1L+ jX, 1, +jX,1, (4.20)
S S

where X, = w,L,,.
Rotor power is described by

P, = Re(V,I*) 4.21)

where the superscript “x” stands for the complex conjugate of the vector.
By substituting V, with equation (4.20), the rotor power is expressed as

P, =Re [Rjjj + S X, LT +S,X, 1 7*] 4.22)

m-m-y

Since 7,7;‘ = Irz,
P, = RI* + Re(jS,X,,L,,I*) (4.23)
By substituting equation (4.18), the rotor power is expressed as

P, =R, +Re [jslxm}’m(}’; - '1';‘)] (4.24)

Since Re(jS )X, I,,1%) = 0,

m

P, =RI*+Re [js,xm‘im(—ij)] (4.25)

r
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By using equation (4.19) to eliminate the term X,,jm in equation (4.25), follow-
ing equation is obtained:
P, = R.I> + SRe((=V,I* + RIT" +jX,I.1*) (4.26)
The above equation is simplified as
P, = R1* + SR 1> — SRe(V,I") (4.27)
As we know, the stator power can be expressed as
P, =Re(V,I") (4.28)
Then the rotor power can be described as
P, =R,I*+ SR> - S,P, (4.29)
Above equation can be expressed as
P.=P, ., + 8P, —P) (4.30)

where P, = RSIS2 is the copper loss of the stator winding, P,., = R,.If is the copper

loss of the rotor winding.
Generally speaking, the copper losses P, and P, are much smaller than both

the stator power P, and the rotor power P,.. Then equation (4.30) can be approximated
as

P, ~ —S,P, (4.31)

It is observed that the rotor power P, is a fraction of the stator power P accord-
ing to slip ratio S;. In the wind power system, the slip ratio S; ranges from — 0.3 to 0.3.
In this case, the rotor power P, is less than 1/3 of the stator power P,. It means that
the stator power can be controlled by the rotor-side power converter with 1/3 power
rating of the rated power of the machine.

Similarly, rotor reactive power is described by

0, = Im(V,I*) (4.32)

By substituting \7, according to equation (4.20), the rotor reactive power is
expressed as

0, =1Im [Rjjj + S X, LT +jSX, 11" 4.33)
Since I,I* = I,
0, = S;X,I> + Im(iS;X,,1,,I*) (4.34)

By using equation (4.18) to replace variable 7,, the above equation is changed
to

0, = $X, 12 +Im [js,xm‘im(f; ~7 4.35)
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Since I,,I* = I2,
0, = SX, 12 + $,X,,I2 — Im [js,xm?’m'ij)] (4.36)

By using equation (4.19) to eliminate the term mem in equation (4.36), the
following equation is obtained:

0, = X, 12 + SX,u L2 = Im | ,(V, = BT, = X, )T | 37)
Since ZZ* = 13,

0, = SX, I + S, X, 12 + X, 1> — SIm(V,I*) (4.38)

m-m

As we know, the stator reactive power can be expressed as
0, = Im(V,I*) (4.39)
Then the rotor reactive power can be described as
0, = SX;,I? + SX, 12 + S, X,,I% — $,0, (4.40)
Above equation can be reorganized as

Qr = Sl(le + er + Qm - QS) (441)

where Q) = Xlslf is the reactive power of stator leakage inductance, Q;, = X,,1? is
the reactive power of rotor leakage inductance, and Q,, = Xmlri is the reactive power
of magnetizing inductance.

If it is assumed that |Q;| > Oy + Q). + Q,,,, then the equation (4.41) can be
approximated as

Qr = _Sle (442)

The above equation means that the reactive power of the stator may be con-
trolled by the rotor side supplied by a power converter with a smaller power rating.

In Figure 4.3, the input power to the rotor of the generator is composed of
mechanical power P,,,.;, and the power from the rotor converter P,. To simplify the
power flow relationship, we ignore both electric losses and mechanical losses. The
following power balance condition is obtained:

P,u+P, =P, =—P (4.43)

meci N

where P,,, is transferred electromagnetic power between the stator and the rotor.
By substituting (4.31) in (4.43), the mechanical power P,,,; can be expressed
by

Poch = (S, — DP, (4.44)

For DFIG wind power system, the rotor side is connected to the grid indirectly
through back-to-back converter, where P, is the power of the grid-side converter
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Transformer  Power
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Figure 4.3 Power flow in a DFIG wind system.

(GSC). Since the converter losses are neglected, Pg = P,. Therefore, the total power
to grid can be expressed as

P=P +P, (4.45)

By using the relationship P, ~ —S,P;, the total power to grid can be expressed
by

P=P,+P,=(1-S)P, (4.46)

The DFIG has three operating modes: super-synchronous mode, synchronous
mode, and sub-synchronous mode.

In the super-synchronous mode, the rotor angular frequency is higher than the
synchronous angular frequency, w, > w,, and slip S; < 0. Then according to equation
(4.46), the total power to gridis P = (1 + |S;|)P,. Both the stator and the rotor deliver
power to the grid.

In the synchronous mode, the rotor angular frequency is equal to the syn-
chronous angular frequency, w, = w,, and slip S; = 0. DC current flows into the rotor
winding. According to equation (4.46), the total power to grid P = P,. Only the stator
delivers power to the grid.

In the sub-synchronous mode, the rotor angular frequency is lower than the syn-
chronous angular frequency, o, < w,, and slip S; > 0. According to equation (4.46),
the total power to grid P = (1 — |S;|)P,. The stator delivers power to the grid while
the rotor receives power from the grid.

4.3 DYNAMIC MODEL OF A DFIG

The steady-state equivalent circuit of a DFIG is derived with the assumption that
the DFIG works at steady state under the ideal grid condition. It is simplified as
a one-phase system. It only describes the steady-state performance of the DFIG.
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Figure 4.4  Stator and rotor windings of a DFIG.

For dynamic analysis and control system design, the dynamic model of the DFIG
is needed [8-11].

DFIG is a high order, nonlinear, and time-varying system. To simplify the
dynamic analysis, the following assumption is introduced:

* Three-phase windings of the generator are balanced with Y connection, with
120° phase shift between each other in space. The induced magneto-motive
force is distributed in a sinusoidal form along the air gap.

* The magnetic saturation of the stator and the rotor core is neglected.
* The iron loss of both the stator and the rotor core is neglected.

¢ The stator or rotor winding parasitic resistances do not change with the tem-
perature and the frequency.

To simplify the analysis, all electrical variables on the rotor side are converted
to the stator side. Positive reference direction for both the power and the current are
selected to be the direction in which the power or the current flows into the stator or
the rotor of the DFIG.

4.3.1 ABC (abc) Model

With the assumptions mentioned above, the DFIG is modeled as three static windings
sitting on the stator (ABC), and three windings sitting on the rotor (abc) rotating with
angular frequency w,, as shown in Figure 4.4. If the initial angle between phase-a
rotor winding and phase-A stator winding are zero, the angle 6, between phase-a
rotor winding and phase-A stator winding is described as

0, = w1 (4.47)

In Figure 4.4, v, vy, v, and v,,, v, v,. are three-phase stator voltages and
three-phase rotor voltages, respectively. iy, i, i, and i,,,i,,,i,. are three-phase
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stator currents and three-phase rotor currents, respectively. Stator equations are for-
mulated as follows:

. d
Vsa = Rslsa + EWM
. d
Vep = Rslsb + Elﬂsb (448)

. d
Vse = Rslsc + EWSC

where R, is the resistance of each stator winding, and v, v, w,. are three-phase
stator winding fluxes. Three equations in (4.48) can been expressed with matrix
form:

vy = Riis +py (4.49)

T .
where stator voltage vector v, = [vm Vep vsc] , stator current vector i =

[lm i lSC]T, stator flux vector y, = [q/m Y u/sc]T, and p =d/dt.
Similarly, rotor equations are formulated as follows:

, d
v:a = er:a + Ew:a
d
I 7 r
v, = errb + EW”’ (4.50)
. d
v:c = er;c + Ew:c

where the superscript r indicates that all variables in equation (4.50) are described
under abc reference frame sitting on the rotor. Actually, the abc reference frame
rotates with the rotor of the machine. R,. is the resistance of each rotor winding. Here,
v’ ,w” ,y" are three-phase rotor winding fluxes. Three equations in (4.50) are also

ra rb rc

expressed with the matrix form:
v =R +py’ (4.51)

T .
ooy ] , rotor current vector i’ =
T rb rc T r
i ir ir r— r r r

[zm i lrc] , rotor flux vector gy’ = [u/m v I,Urc] .

The stator flux vector and the rotor flux vector can be described by

where rotor voltage vector v = [v;a 1%

v, =L+ Li (4.52)
v =L +L,i (4.53)
where stator winding mutual inductance matrix is expressed by
1 1
Lms + Lls - ELms - ELmS

1 1

Lss =1 - ELms Lms + le - ELms (454)
1 1

=L =L

- o ms - o ms Lms + Lls
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Rotor winding mutual inductance matrix is expressed by

1 1
Lmr + Llr _ELmr _ELmr
1 1
er = _ELmr Lmr + Llr _ELmr (455)
1 1
_ELmr _ELmr Lmr + Llr
Stator and rotor winding mutual inductance matrix is described by
cosd, cos (Gr + 120°) cos ((‘)r - 120°)
L,=Lr =L, |cos (6, - 120°) cos 0, cos (6, +120°) [ (4.56)
cos (t‘)r + 120°) cos (0, - 120°) cosé,

where L, and L, are maximum mutual inductances between a stator winding and
a rotor winding. Since the rotor-side variables have been referred to the stator side
and both stator windings and rotor windings have the same turns, L, = L,,,. L;; and
L;, are leakage inductances of the stator and rotor windings, respectively. The sta-
tor winding mutual inductance matrix L is a constant matrix since the geometry of
phase windings A, B, and C of the stator are fixed. It is also true for the rotor winding
mutual inductance matrix L,,.. However, the stator and rotor winding mutual induc-
tance matrix Ly, depends on the rotor angle 6, because the flux coupling between
the stator winding and the rotor winding changes with the angle 6, between phase-A
rotor winding and phase-A stator winding.

It is observed that both the stator flux and the rotor flux change with rotor angle
0,. Therefore, DFIG model in ABC (abc) frame is a time-variant system. Generally
speaking, it is more difficult to analyze its dynamics in ABC (abc) reference frame.

4.3.2 apf Model

For a three-phase power system, usually the three-phase variables x,, x;, and x, sat-
isty the relationship x, + x;, + x, = 0. In this case, all the three-dimensional space
vectors satisfying this condition are located on the subset in the three-dimensional
space, which is actually a plane. Therefore, three-phase variables can be simply
expressed as a complex vector X in the complex plane, which is called af plane,
with the following transformation.

2 2 ta
v=2 (1 ray radx) =21 @ o[y @5)

Xe

where a = ¢/27/3 and a2 = ¢**/3. The complex plane is shown in Figure 4.5. Con-
stant 2/3 of expression (4.57) is chosen to scale the complex vector to have the same
amplitude as that of the three-phase variables.

Complex vector X is composed of the real part x,, and the imaginary part Xg:

X = x, +jxg (4.58)
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Figure 4.5 Vector representation in complex plane af.

According to equations (4.57) and (4.58), the relationship between x,, x;, x,.
and Xy Xp are derived:

X, = z (x + X cosgn'+x cos iﬂ')
a = 3 a b 3 c 3
Xy = % <x,, sin %n +x,sin %n) (4.59)
Equation (4.59) can be written in the matrix form:
-1 1
R
= — - | X, .
w3, V3 V3| |k
__ —— c
2 2

The above transformation is called the Clarke transformation. The following
matrix is called the Clarke transformation matrix:

“.61)
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The inverse Clarke transformation can be derived as follows:

_2 0 -
3
x(l
31 1 31 [x,
=22 X2 4.62
ib 5173 3 [xﬂ] (4.62)
c
E]

[ 3 3

With regard to the DFIG, the stator voltage equations (4.48) can be changed
into the complex vector equation form by using transform (4.57). By multiplying %
to the first equation, multiplying 24 to the second equation, and multiplying %az to

the third equation, then by adding these three equations together, stator equation in
the complex plane is obtained:

V, = Ryl + pi (4.63)

Similarly, rotor voltage equations (4.50) are changed into the complex vector
equation form as follows:

V= R+ pi! (4.64)

where superscript r indicates that the complex vector in equation (4.64) is referred to
the complex af” plane sitting on the rotor, which is rotating with the rotor.

Similarly, by applying the same transformation to stator or rotor fluxes, com-
plex vector equations for stator flux and rotor flux are obtained (See Appendix for the
derivation).

@y = Ly, + L, eri" (4.65)

- _io= >

v, =L,e i +L,i (4.66)
where L, szs, L=L,+L, L. =L,+L,. Itisobserved that flux expressions

in the complex plane are s1mp1er than those in the ABC (abc) reference frame. Besides
the term /", all other coefficients in flux equations (4.65) and (4.66) are constant.

To refer the complex vectors on the rotor side to the same af plane as the stator,
the rotor equation (4.64) is multiplied by e/%r

Vel = R + e pip” (4.67)

According to the relationships between the variable in stator af plane and the

variables in rotor af” plane: v/ =7V,e =0, i —_[ e/, and Yl =y,e =% equation
(4.67) can be changed as follows
V, = Ry, + &0 p(ip,er) (4.68)
Finally, the rotor equation in stator af plane is obtained.

V. =R, +py, —jo,, (4.69)
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By using the relationship _z'ﬁ = _i',e‘/gr, the stator flux equation (4.65) is changed

to
W, =L +L,i (4.70)

By multiplying e/’ to the rotor flux equation (4.66), the following equation is
obtained:

grel = L,e i e 4 L7 e (4.71)
After the simplification of the above equation, rotor flux is expressed in the
stator af reference frame:

W, =L,i +L1i (4.72)

The dynamic model of the DFIG in stator af reference frame is rewritten
together as

v, =R, +py, (4.73)
V. =R, +py, — jo, i, (4.74)
W, =Lji +L,i (4.75)
@, =L,i +L1i (4.76)

where Vi = vy, +jvp, V, = V,, +jv,, are the stator voltage and rotor voltage, respec-
tively, in the af reference frame. 7s =g +jisﬂ,7, = iy +Jiyg, and Yy =y, + g,
VU, =W, + jq/,ﬂ are the stator current, rotor current, stator flux and rotor flux, respec-
tively, in the af reference frame. Flux expressions are linear with all coefficients
constant. Compared with the ABC (abc) model, the dynamic model in af reference
frames is simplified.

The equivalent circuit of the dynamic model in af reference frame can be
derived from (4.73)—(4.76), as shown in Figure 4.6.

According to the dynamic model in af reference frame, the active and reactive
powers of the stator side and the rotor side are calculated as follows:

3palam\ 3, . '
P = ERe {Vslj } ZE(VMZW + vSﬂlsﬂ)

3 - 3. . .
§Im {Vsl:< } zi(vsﬂlsa - vsotlsﬂ)
3 - 3 : :
P, = zRe {Vr r } =§(Vralra + vrﬁlrﬁ)
3 w3, . :
Qr = Elm{v’r}zz(‘}’ﬂlm_v"al"ﬂ) @77
Electromagnetic torque of the DFIG is derived as follows:

3 = T 3 P 1
Tom = Enplm(’l/rlr) = Enp(wrﬂlra ~ Wyalrp) (4.78)

where n, is the pair of poles of the electric machine.
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Stator

(©)

Figure 4.6 The equivalent dynamic circuit of the DFIG in af reference frames: (a) in vector
form; (b) in the a-axis; (c) in the f-axis.

With (4.75), (4.76), and (4.78), the electromagnetic torque 7,,, can be also rep-
resented as

- 5 3 Lm -
T,, = zn,Im(y i) = Ean_Im(Ws’r) 4.79)
)

4.3.3 dq Model

The dynamic model of the DFIG is simplified by introducing af reference frame
as described by a group of equations from (4.73) to (4.76). If it is assumed that @,
is constant, these equations are linear. However, electrical variables of DFIG such
as the voltage, current, flux in af reference frame are still AC components even at
steady state. For the balanced three-phase system, if we observe its complex vectors
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Figure 4.7 Relationship between the af reference frame and the dg reference frame.

in a certain rotating reference frame, it is possible to further simplify them as con-
stant vectors with their axis components having DC values. As the analysis or control
design for the DC system is much simpler than that of an AC system, it is natural to
transform the three-phase system into the rotating reference frame, which is known
as dq rotating reference frame.

As shown in Figure 4.7, the complex vector X of the three-phase system is
usually rotating in af reference frame. Now we introduce another reference frame:
dq reference frame, which is rotating with angular frequency w,. If the angular fre-
quency is the same as the complex vector X rotating angular frequency, then the com-
plex vector X becomes constant vector under the new dq reference frame. The rela-
tionship between af reference frame and dg reference frame can be expressed as
follows:

Ry = eI (4.80)

where 5'cdq is the complex vector in the rotating dq reference frame, and Fc'dq = X4 +Jx,
where x, is the d-axis component and x,, is the g-axis component.
Inverse transformation from dg reference frame to af reference frame is

X ="', (4.81)
Equation (4.80) can be written as
Xg +jx, = (coswyt —j sin @) (X, +jxg) (4.82)

The real and virtual components of X, in the dg reference frame can be
expressed as

Xg = Xq COS 0yl +Xg SIN 01 (4.83)
Xy = X COS I — X, SN @t (4.84)

The above two equations are often expressed in following matrix form which
is known as rotating transformation from af reference frame to rotating dq reference
frame

[xd] _ cosw,t  sinwgt . [xa] 4.85)
—sinwt coswgt| [¥p
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It is assumed that the angle between vector X and d-axis is 6, as shown in Figure
4.7. Complex vector X in af reference frame can be expressed as

% = ||| e+ (4.86)

By substituting above equation (4.86) in equation (4.80), vector E'qu in the dg
reference frame is derived as

Xy = IO |7 @0 = |7 /% (4.87)

The real and virtual components of }dq in the dg reference frame can be
expressed as follows:

xg = ||X|| cos 6, (4.88)
X, = [|%]| sin 6, (4.89)

where ||%|| is the amplitude of X,,. Since dg reference frame rotates with the same
angular frequency as that of the vector X in af reference frame, X becomes a constant
vector in the dg reference frame. Both its d-axis component x; and g-axis component
x, are all DC values. Here 6, is constant.

For the DFIG, if we introduce dg rotating transformation and substitute all
variables in equations (4.73)—(4.76) by equations ¥, = eV ;.. V, = &'V, i=

& iy iy = i, W = 5Ny, and @, = 75"y, we obtain

O 4y = R g+ p (€9, (4.90)
T, = R + P (6 Prgy) — j0,8% g, (4.91)
Gy = L™ T g + L'y (4.92)
Gy = L€'y + L ™0y, (4.93)

Through simplification, dg model of the DFIG is derived as

-

Vsdg = Rylsag + PWaq +jOW 4y (4.94)
Vg = Rolyay + Py +J (0,=0,) g (4.95)
Wedg = Lytsag + Lintrag (4.96)
Wndg = Lindsdg + Lyirag 4.97)

where Vsdq = Vg + Vg Vrdq = V,q + v,y are the stator voltage and the rotor volt-
age, respectively, in the dq reference frames. 7qu = lgq +Jisgs 7,dq =l + iy, and
l?sdq = Yoy +Wsgs Wrdg = Wra +JWy, are the stator current, rotor current, and flux,
respectively, in the dqg reference frame.

The equivalent dynamic circuit in the dq reference frame is derived from (4.94)
to (4.97), as shown in Figure 4.8.
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Figure 4.8 Equivalent dynamic circuit of a DFIG in dg reference frame: (a) in vector form;
(b) in d-axis; (c) in g-axis.

The active power and reactive power on the stator side or on the rotor side can
be calculated in the dq reference frame as follows:

3 - 2 3 . .
Py = ERe {vsdql:dq} = z(vsdlsd + Vsqlxq)
3 - 3 . .
Qs = Elm{vsdqudq} = E(Vsqlsd - Vsdlsq)
3 - 2 3 .
P.= ERe {vrdqlqu} = E(valmv + Vyglrg)
3 o 3 . .
0, = Elm{vrdqzr dq} = S Cyhoa = Vi) (4.98)

For the DFIG, the d-axis in the dq reference frame is normally selected to be
with the same direction as the grid voltage vector v, and the dq reference frame rota-
tion speed is the same as the synchronous speed ;. In this case, the d-axis component
of the grid voltage v, is the grid voltage amplitude V, and the g-axis component of
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the grid voltage v, is always zero for the ideal grid condition. Then, the stator output
active and reactive power equations can be further simplified as follows:

3.,.

Pszzvslsd
= 3y 4.99
QS__E slsq (4.99)

It is observed that in this case, the stator active power will be only related to the
stator d-axis current i,; while the stator reactive power is only related to the stator g-
axis current i,. It realizes control decoupling between the active power and reactive
power. This is an important feature for the control design of the DFIG. Similarly to
afl model, the electromagnetic torque in the dq reference frame can be expressed by
the following equation:

3 o % 3 . .
T, = E”plm(‘//rdqlrdq) = Enp(y/,qz,d - y/rdqu) (4.100)

The electromagnetic torque in the dq reference frame can be also expressed as

3 L S %
—np—mlm(wsdqzrdq) (4.101)

3 Sy 2
T, = Enplm(u/;]qlsdq) =5mT
S

4.4 MODELING OF THE CONVERTER

4.4.1 Steady-State Equivalent Circuit of the Converter

The typical topologies of three-phase converters with L and LCL filters are shown in
Figures 4.9a and 4.9b, respectively.

The steady-state equivalent circuits of the converters are shown in Figures 4.10a
and 4.10b, where the voltages of the switching bridges are shown as line-to-line volt-
ages V,p, Ve, and v,,.

4.4.2 abc Model with L Filter

There are two AC-DC converters connected in the DC bus with back-to-back way
in the DFIG wind power system as shown in Figure 4.11. One of the converters,
called grid-side converter (GSC), is connected to the grid with its AC side. Another
converter, called rotor-side converter (RSC), is connected to the rotor windings of the
DFIG machine with its AC side. RSC controls the DFIG by adjusting the rotor voltage
and the frequency. GSC is used to realize power flow control to the grid with its fre-
quency synchronized with the grid [12—17]. The diagram of the three-phase converter
is shown in Figure 4.12. The converter is composed of three parts: A switch bridge, L
filters, and three-phase sources. The switch bridge is composed of phase-a, phase-b,
and phase-c switch legs. It is used to convert DC-side voltage into PWM waveform
with the amplitude and frequency of its fundamental frequency output adjustable.
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Figure 4.9 Typical topologies of three-phase converters: (a) with L filters; (b) with LCL
filters.

Switches S, Sy, S, are connected between the positive pole of the DC bus and
phase a, b, and c filters. Switches S, Sj,.S., are connected between the negative
pole of the DC bus and phase a, b, and c filters. v, is the DC bus voltage, i&c is the
DC bus current.

Three-phase reference voltages vfff, vzef, and vzef , which are modulation sig-
nals of the PWM modulator, are generated by the front controller. They enter into
the PWM modulator to produce PWM pulses to turn on or off the switches in the
converter so that the expected three-phase voltages v,,v,, and v, are obtained.
The output filter is used to filter high frequency switching harmonics and select
the fundamental-frequency component from outputting PWM voltage v,, v, and v,.
Vpas Vpps and v, are the phase voltages of the three-phase source. For the RSC,
the source voltages are expressed as v,,, v,4, and v,.. For GSC which is connected
to the grid and stator of the machine, the source voltages are expressed as vy, Vg,

and v,,.
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(b)

Figure 4.10 Steady-state equivalent circuits of the converters: (a) with L filters; (b) with
LCL filters.

The switch bridge ac-side outputs depend on the DC bus voltage v, and the
switching states of the switch bridge [18-24]. Three switching functions s, s, 5. are
introduced to describe each phase switch leg state of the switch bridge. Here we take
phase-a switch leg as an example. If 5, = 1, it indicates the upper switch S, is on and
the lower switch S, is off, and the voltage on the switch S, isv,, = v;.. If 5, = 0, it
indicates upper switch S, is off and lower switch S,,,, is on, and the voltage across the
phase-a switch S, is v, = 0. Actually, v,,, the voltage across phase-a switch S ,,,, is
phase-a output voltage of the switch bridge to the output filter. It can be expressed
with the switching function

Van = Vg =V = VgeSa (4.102)

where v, is the voltage level of the negative pole of the DC bus.

I
\
GSC Transformer P°Yver
grid

_”_
o

Figure 4.11 DFIG system diagram.
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Figure 4.12 Typical scheme of the three-phase converter with L filters.

Since switching functions s,, s, s. are discontinuous in the time domain,
switching period averaging is introduced to simplify the analysis. By using switching
period averaging to equation (4.102), phase-a output voltage of the switch bridge is
changed to

Vo R Vged, (4.103)

where d,, is the switching period average value of s, and is also called the duty cycle
of the phase-a switch leg.
Similarly, we can derive phase-b and phase-c outputs of the switch bridge:
Vi & Vgedy (4.104)

v Vged, (4.105)

Q

cn

The AC-side model of the converter can be easily obtained from Figure 4.12 as
follows:

di,
Vpu = —LE - Rlu + Van + Vho

dib .
vpb = —LE - Rlb + Vin + Vho

di. .
Vpe = —LE —Ri.+v, +v,, (4.106)

where v, is the voltage between negative pole “n” of the DC bus and the central
point “0” of the three-phase voltage sources. i , i}, i, are the currents through three
filters L,, L;,, and L, respectively. To simplify the analysis, it is assumed that AC-side
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parameters are symmetric. The filter inductances, as well as the AC resistance of the
three phases, are equal, thatis, L, =L, =L.=L,and R, =R, =R. =R.
For the DC side of the converter, the following equation is formulated:

=i~ 1, (4.107)

where i:]c is DC-side current of the switch bridge. i . is external current flowing into
the DC bus of the converter.

4.4.3 dq Model with L Filter

By using ABC to af transformation (4.57), equation (4.106) can be transformed into
the following equation in af reference frame:

V,=—Lpi—Ri+7 (4.108)
where ﬁp = Vpq +JV,p Is the source voltage in a§ reference frame, Y}'_}= Vg +Jjvp is the
voltage output of the switch bridge in the af reference frame, and i = i, + jiy is the
filter current in the af reference frame.

If we further apply the dg rotating transformation by substituting variables in

-

equation (4.108) with v, = ef“’x’vpdq, v= ef“’xtﬁdq, andi = ef“’s’_i'dq, we obtain
T,y = —Lp (%77, ) = RSy, + €15, (4.109)

where V,,;, = v,; +jv,, is the source voltage in dq rotating reference frame, v,, =
vq +Jv, is the voltage output of the switch bridge in dg rotating reference frame,

and iy, = iy + ji, is the filter current in dg rotating reference frame. w; is the angular
speed of dq rotating reference frame.
After simplification, the above equation is rewritten as follows

Vpdqg = —Lpigy — Rigq — joLigy + Vg, (4.110)

If we explode above complex-value equation into real-value equations, two
real-value equations are obtained, which relate to d-axis and g-axis, respectively.

dig . :
Vpd = —LE —Ri;+wLi, +v,
di,
Vpg = —LE —Ri,—wLi;+v, (4.111)

where v,,; and v, are the source voltages in d-axis and g-axis, respectively, v; and
v, are the switch bridge output voltages in d-axis and g-axis, respectively, and i,
and i, are the filter currents in d-axis and g-axis, respectively. With equation (4.111),
the equivalent circuits for the AC side of the converter in the dqg reference frame are
derived as shown in Figure 4.13.
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Figure 4.13  Equivalent circuit for the AC side of the converter in the dg reference frame:
(a) on d-axis; (b) on g-axis.

Similarly, three-phase output voltages of the switch bridge shown in equations
(4.103), (4.104), and (4.105) can be transformed to the dq reference frame:

Y;dq = Vdc(_idq (4] ]2)

where Zldq is the complex duty cycle in dg rotating reference frame which is trans-

formed from the duty cycle vector [da dy,d, ]T in ABC reference frame
The complex output of the switch bridge T}'dq can be expressed with d-axis com-
ponent and g-axis component, respectively.

Vg = Vgedyg

v, =Vd,

’ : (4.113)

d; and d,, are the d-axis duty cycle and the g-axis duty cycle, respectively.
The active power and reactive power transferred to the three-phase sources can
be expressed by

3
P= zRe{ Vpdq' dq} ( Vpald ¥ Vpglg)

3 .
0= EIm{ oyl dq} ( — Vi) (4.114)

If the converter is connected to the grid and the dq reference frame is synchro-
nized to the grid frequency with its d-axis aligned with the grid voltage complex vec-
tor, then the source voltage g-axis component is always zero while the source voltage
d-axis component is constant, that is,

Vpd = VS
Vyg =0 (4.115)

By substituting (4.115) in (4.114), the power equations mentioned above are
simplified as

P = %Vsid

0=-2v,i

S Vil (4.116)
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It is found that the active power and reactive power can be controlled separately.
The active power is controlled by i; while the reactive power is controlled by i,.
In other words, the active power only depends on the d-axis filter current while the
reactive power only depends on the g-axis filter current.

The output active power of the switch bridge can be expressed as

3 - 2 3. .
P=3Re {vdqz;q} = 3(Vaig + vgiy) 4.117)

If we ignore the power loss in the converter power devices, the following power
conservation equation between the AC side and DC side of the switch bridge is
obtained:

3 . . ;
E(vdld Vi) = Vdcl;c (4.118)

Then, the DC-side current can be derived:

; 31 . .
l;C = Ev_(vdld + Vqlq) 4.119)
dc

By substituting equation (4.119) in (4.107), the DC-side equation can be
expressed as

dvge . 31 . .
C dlc =g — Ev_dc(vdld +v,ig) (4.120)

By using equation (4.117), the above equation is changed into the following
form:

dVdC - P
dt de Ve

C

(4.121)

It is seen that DC bus voltage can be controlled by the active power. Besides,
DC bus voltage is affected by the external current i;. flowing into the DC bus of the
converter.

4.4.4 dq Model with LCL Filter

The AC/DC converter with LCL filter is shown in Figure 4.14. LCL filter in each
phase is the third-order filter, which is composed of inductor L;, inductor L,, and
capacitor C. For simplifying the analysis, it is assumed that the three AC-side LCL
filters are identical, thatis, L;, =L, =L, =L, Ly, =Ly, =L,. =L,,and C, =
C,=C.=C.

Since it has a smaller size than L filter or LC filter, some GSCs in the DFIG
wind power system use LCL filter.
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Figure 4.14 Typical scheme of a three-phase converter with LCL filter.

If the ac-side parasitic resistance is neglected, complex vector equations
describing the AC side in the af reference frame are derived:

P
va(’ = _bl —7
Lipi=%. -7 (4.122)

where v is the output switch bridge voltage vector, \7p is the source voltage vector, _i'l

and 7 are the inductor L, current and the inductor L;current vector, respectively. v, is
the voltage vector on the filter capacitor.

By transforming (4.122) into the dg reference frame, the following equations
are obtained:

Lopiag = Vpag = Veaq —J@sLaligg
vacdq = ildq - idq _jwsc‘_;cdq
Llpidq = Vcdq - qu —ja)SLl idq (4123)

where T}'dq = v, +jv, is the output voltage vector of the switch bridge in dq reference

frame, Vpdq is the source voltage vector, qu and 7dq are the inductor L, and the inductor
L, current vectors in the dg reference frame. ?qu is the voltage vector in the filter
capacitor in the dq reference frame. The equivalent circuit of the converter with LCL
filter can then be derived from (4.123), as shown in Figure 4.15.
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Figure 4.15 Equivalent circuit of the converter with LCL filter: (a) on d-axis; (b) on g-axis.

4.4.5 Model of the PWM Modulator

Figure 4.16 shows the PWM wave generation by comparing phase-a modulation wave
v, With the triangle carrier waveform. It is easy to derive the duty cycle of the phase
switch leg according to the geometry relationship in the figure.
1
d, = — 4.124
O Vi Yam ( )
where V,,; is the peak-to-peak value of the carrier wave. The range of the modulation
signal v, is [O, Vm-]. The range of the duty cycle d,, is [0, 1].
IfK,,,,=1 / V,,i is defined to be the PWM coefficient, the phase-a duty cycle

pwm

of the switch bridge is expressed by
dy = KpymVam (4.125)

Similarly, we can derive the expressions for phases b and c. The duty cycles for
the three-phase switch bridge with PWM control are summarized as follows:

da = prmvam
db = prmvbm
d, = KypypVem (4.126)
—_—— e — vl”)’l
AN / /N
V., | I
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Figure 4.16 PWM modulation.
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The three-phase duty cycles of the switch bridge can be transformed to dgq rotat-
ing reference frame:

dag = KpyomVmag 4.127)
where Zldq is complex duty cycle in the dg rotating reference frame, and v,,;,, is com-
plex modulation wave in the dg rotating reference frame.

Equation (4.127) can be expressed using d-axis component and g-axis
component:

mdq

dd = prmvmd
dy = K,ymVimg (4.128)

pwm
where d,; is d-axis duty cycle, and d, is the g-axis duty cycle. v,,, is the d-axis com-
ponent of the modulation signal, and v,,, is the g-axis component of the modulation
signal.

4.4.6 Per-Unit System

The per-unit system is the expression of system quantities as a fraction of a defined
base unit quantity in power system analysis. The main idea of the per-unit system is
to absorb the large difference in absolute values into a base relationship. As a result,
representation of elements in the system with per-unit values become more uniform.
The electrical variables expressed in the per-unit system automatically provide infor-
mation on how far it is from the base or rated values. It eases the comparison between
different systems. The per-unit system is widely used for analysis of the DFIG wind
power system.

In the per-unit system, any variable of a system is normalized by dividing
it by a base value. For the DFIG, rated phase voltage V, and power capacity Sy
provided by the manufacturers are used as the base voltage V., and base power

Shase'
Vbase = VN
Sbase = SN (4.129)

Then base current /,,, is defined by the following equation

Sb s
base = 3;;: (4130)

Base angular frequency wy,,, is defined as the synchronous angular frequency

WDpgse = Ds 4.131)
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With equations (4.132)—(4.135), the base flux linkage v, base impedance,
base inductance, and base capacitance can be obtained as follows:

V
Whase = —w'; (4.132)
ase
V
Zise = —I: (4.133)
ase
Zp e
Lpuse = a)l;aée (4.134)
ase
C = ! (4.135)
b o e — .
e wbasezbace

To convert an electrical variable or parameter into the per-unit value, we can do
it by dividing the electrical variable or parameter by its base value. For example, we
can convert the stator voltage of DFIG V/ into its per-unit value V_,, by the following
equation:

VS
Ve pu = v (4.136)

If all the variables and parameters in the dg dynamic model of DFIG are
expressed in per unit, the corresponding per-unit dg dynamic model is obtained:

Vdgpu = Ry pulsiq pu + PWsdg pu +J05 puWsiy pu 4.137)
g’lem = thu_{l‘dqqﬂu +PII7rdq,pu +jog ﬁpulprdq _pu (4.138)
Wsdg_pu = Ly_puisdgpu + Li_puirig_pu (4.139)
lﬂrd(]ﬁu = Lm4m7sdq4m + Lrgu_{rdq,pu (4.140)
where oy ,, = Z7% which is the slip angular frequency in the per-unit system.

base

4.5 SUMMARY

In this chapter, according to the steady-state model, the power relationship between
the rotor and stator is derived. The rotor power P, is a fraction of the stator power
P,. The rotor power P, is less than 1/3 of the stator power P, in the wind power
system where the slip S; ranges from — 0.3 to 0.3. It means that the stator power can
be controlled by the rotor side supplied by a power converter with 30% power rating.
In the super-synchronous mode, both stator and rotor deliver power to the grid, the
total power to grid P = (1 + |S,|)Ps. In synchronous mode, DC current flows into
the rotor winding. Only the stator delivers power to the grid. The total power to grid
P = P,. In the sub-synchronous mode, the stator delivers power to the grid while the
rotor receives power from the grid. The total power to grid P = (1 — |S,|)Ps.
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The dynamic model of the DFIG in different reference frames such as ABC
(abc) reference frame, af reference frame, and dqg reference frame are introduced.
In ABC (abc) frame, flux expressions are time variant while flux expressions become
linear in a8, or dq reference frames. Besides, the three-phase system is simplified into
the two-phase system in either af, or dg reference frames. The balanced three-phase
system analysis can be further simplified as the DC system by using dqg reference
frame. The dg model is very convenient to control design.

In addition, this chapter introduces dynamic models of the converter with L
filter or with LCL. Finally, the per-unit system concept is explained.
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CHAPTER 5

CONTROL OF DFIG POWER
CONVERTERS

Based on the dynamic model established in Chapter 4, control of the DFIG power
converter will be introduced in this chapter. At first, the control of grid-side con-
verter (GSC) will be explained. It keeps a constant DC-bus voltage for the rotor-side
converter (RSC) and can also provide reactive power support to the grid. Then the
controls of the RSC in starting mode, power-control mode, and speed-control mode
are introduced. The switching mode for the RSC is discussed at the end of the chap-
ter. This chapter is expected to help the reader understand the fundamentals of the
control for the DFIG under ideal grid condition.

5.1 INTRODUCTION

It has been introduced in Chapter 4 that by using dqg reference frame, the AC electrical
variables in the three-phase balanced system can be transformed into DC components.
With regards to DC linear systems, it is easy to realize better control design by using
mature classic control theory. The dg model of the DFIG machine and power con-
verters have been established in Chapter 4. Based on these dynamic models, control
can be designed for both the grid-side converter (GSC) and the rotor-side converter
(RSC). In this chapter, the conventional vector control for the GSC is introduced at
first, the GSC is controlled to provide a DC-bus voltage for the RSC and to provide
reactive power support to the grid if necessary. The vector control schemes for the
RSC in starting mode, power (or torque) control mode and speed-control mode are
then introduced in detail, respectively. The RSC controls DFIG to achieve different
control targets in different operation modes. The mode switching for the RSC is eval-
uated at last. Corresponding test waveforms are also included in this chapter [1-9].

5.2 START-UP PROCESS OF THE DFIG SYSTEM

The GSC provides constant DC-bus voltage for the RSC. The RSC controls the DFIG
with three control modes, starting mode, power-control mode, and speed-control
mode [10-13].

Advanced Control of Doubly Fed Induction Generator for Wind Power Systems, First Edition.
Dehong Xu, Frede Blaabjerg, Wenjie Chen, and Nan Zhu.
© 2018 by The Institute of Electrical and Electronics Engineers, Inc. Published 2018 by John Wiley & Sons, Inc.
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Figure 5.1 The start-up process of the DFIG system: (a) GSC builds up DC-bus voltage;
(b) RSC operates in starting mode; (c) stator breaker closed, RSC operates in power-control
or speed-control mode.

The start-up process of the DFIG system goes in the following steps:

Step 1: The GSC starts first and builds up the DC-bus voltage V., as shown in
Figure 5.1a.

Step 2: After the DC-bus voltage reaches the nominal value, the RSC starts to
operate in starting mode. The RSC controls the DFIG to build up the stator
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Figure 5.2 Active power flow of GSC in the DFIG wind power system.

voltage v, to synchronize the amplitude, frequency, and phase with those

of the grid voltage v, as shown in Figure 5.1b.

Step 3: After the stator voltage has the same amplitude, frequency, and phase
as the grid, the stator breaker is closed to connect the stator to the grid.

Step 4: The stator breaker normally needs dozens of milliseconds to close and
during this period, the DFIG is still running in starting mode. After the stator
breaker is finally closed, the controller will receive a confirm signal from the
breaker.

Step 5: As soon as the controller receives the confirm signal of the stator
breaker, the control scheme is changed from starting mode to power-control
or speed-control mode, as shown in Figure 5.1c.

5.3 GRID-SIDE CONVERTER

5.3.1 Control Target

As introduced in Chapter 2, the GSC provides constant DC-bus voltage for the RSC,
and it can also provide reactive support to the grid if required. The diagram of the
DFIG wind power system is shown again in Figure 5.2. The GSC regulates the DC-
bus voltage, and this DC bus is shared with the RSC. The AC side of the GSC is
connected to the power grid. GSC may receive or deliver active power according to
the DFIG operating mode. Therefore, GSC is responsible for both the controlling of
the power flow between the GSC and the grid and the adjusting of DC-bus voltage
for the RSC [14-17].

The power flow of GSC is shown in Figure 5.2. Under sub-synchronous mode:
o, < w,, the rotor side of the DFIG receives active power from the grid through
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Figure 5.3 Schematic diagram of the PLL.

the BTB converter. In this case, the GSC receives power from the grid and oper-
ates as a rectifier while RSC receives power from GSC and inverts it into AC for the
rotor winding. Under super-synchronous mode: @, > @, the rotor of the DFIG deliv-
ers active power to the grid through the BTB converter. In this case, RSC receives
power from the rotor while the GSC delivers power to the grid and operates as an
inverter.

According to the grid code, the DFIG wind power system is sometimes required
to provide reactive power support to the grid. The reactive power can be gener-
ated from the stator side of the DFIG through control of the RSC. Besides, it can
also be provided by the GSC working as static var generator when the grid voltage
dips and the RSC is not able to control the DFIG. However, because the capacity of
the GSC is normally only 30% of the DFIG’s capacity, its reactive power output is
limited.

5.3.2 Grid Synchronization

For any grid-connected converter, the grid synchronization is essential as the phase
difference between the grid-connected converter and the grid voltage will normally
introduce undesirable surge current. For the GSC of the DFIG, if the vector control in
dq reference frame is used, the grid voltage vector angle 6, and the grid synchronous
angular frequency w, are needed for the Park transformation. As the grid frequency
and phase may vary, the GSC is required to track the grid frequency and phase dynam-
ically. Therefore, grid synchronization is the premise of applying the vector control
for the GSC.

The phase-locked loop (PLL) is successfully used to synchronize a given signal
which is usually merged with a noise. Here the given signal is usually a grid voltage
signal. Although it is sinusoidal in theory, it is often distorted due to nonlinear loads
in the grid or disturbed by the transient process of utility systems. PLL is a closed-
loop control system which can track the phase angle of the given signal even it is
distorted or interfaced with noise. Therefore, it has been widely used in the indus-
try. The diagram of a PLL is shown in Figure 5.3, which normally consists of three
parts:

* The phase detector (PD) outputs an error signal e, proportional to the phase
difference between the input signal v and the output single v'. e, is the feedback
error of this close loop system.

* The loop filter (LP) is a low pass filter to extract the control signal v;; from
phase error signal e,,. It also works as a controller in the closed-loop system.
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Figure 5.4 Schematic diagram of the SRF-PLL.

* The voltage-controlled oscillator (VCO) generates AC output single v/, whose
frequency is proportional to the LP output v;. It is seen as the plant in the
closed-loop system.

By using the PLL, the output v/ is able to track input signal v. In other words,
the output signal not only follows the input signal frequency but also keeps its phase
angle the same as that of the input signal. Both the phase and frequency information
of the input signal can be extracted accurately even the input signal is distorted or
immersed with the noise. Since the PLL loop has certain inertia because of the loop
filter, PLL output can keep delivering periodical AC signal even the PLL input signal
disappears for a certain duration of time due to the outage of the grid. It is an important
characteristic of PLL for practical applications.

For the three-phase power system, three-phase grid voltage signals vy, vy,
and v,. are used as the PLL inputs in phase detector instead of one-phase grid
voltage signal. PD is realized by the abc static frame to dg rotating frame trans-
formation. This PLL is known as synchronous reference frame (SRF) PLL as
shown in Figure 5.4. SRF-PLL output §,” will track phase angle 6, of phase-a
grid voltage v,, while SRF-PLL output a); will track the grid synchronous angular
frequency w;.

The SRF-PLL is composed of PD, PI regulator, add junction, and VCO. We
will discuss PD in detail later. PI regulator is used as the controller of the PLL. The
add junction has two inputs. One input comes from PI regulator while another input
is set to be a constant value w,, which is the nominal frequency of the grid. It is used
to set up PLL output angular frequency at w, during PLL starting process so that
it will not deviate significantly from the grid frequency. The VCO is composed of
an integrator and mod operator, which produces a saw-tooth waveform with its peak
value equal to 2z and its frequency equal to w; .

Now let us see how PD works. In Figure 5.4, PD is Park transformation
from the abc static frame to the dg rotating frame, which is composed of two sub-
transformations. The first sub-transform is Clark transformation from the abc refer-
ence frame to the af reference frame, which is expressed as

5 . 2 2
Vo = Ve +iVep = 3 (vga +avy, +a vgc) (5.1
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where v,,, vy, vy are the three-phase grid voltages, and vy, + jv,p is a complex vec-
tor in af reference frame. It is assumed that the three-phase grid voltages v
are sinusoidal and balanced as

ga» Vebs Vee

V.
_ — 8, i0 4 b
Veq = Vyc080, = > (/s +e7%)

ng = Vg CcosS <93 — 2_77:) = E I:ej(es_%> + e_j(egv—%r)]

3 2
\% . 2z . 2z
Voo =V, cO8 (9‘Y + %”) = 7g [61(9# 3 ) +e 1(05+ 3 )] (5.2)

By substituting equation (5.2) in equation (5.1), the following equation can be
obtained:

- Ve [ io % 2 b FE
vga+ngﬂ=? es(l+ae’3 +ae’3)+es(1+ae’3 +a‘e’3)| (5.3)

2r 21 2
Since 1 + ae™?3 +a%¢’3 =3 and 1 + ae’3 + a?

tion can be simplified as

2
e =0, the above equa-

Ve F Ve = Vel (5.4)

It is observed that the track of the complex vector v,, + jv,g is a circle with
a radius of V,. The complex vector components in af reference frame can also be
derived through following matrix calculation:

1 1 V, cos 0,
Vea 1 = —-= )
Vga] 2 2 2 V, cos (0 - —ﬂ)
=Labcjap|Veb | = 3 178 s 3 5.5
v 3 3 3
[ ! Vs 0 \é_ - \é— v, cos (0, + 2=
oo (0,+ )

The second sub-transform in PD is the rotating transformation from the af
reference frame to the rotating dq reference frame. The vector in dg reference frame
is expressed as

. —7 / .
Vod FJVeg =€ -’Hs(vga +jvgp) (5.6)

where phase angle 6 is feedback signal from the PLL output.
By substituting equation (5.4) in equation (5.6), the grid voltage vector in the
dg reference frame can be obtained:

. : _p'
Ved T IVgq = Vgej(es %) 5.7
The above equation can also can be rewritten as

Ved +JVgq = Vg c08(0; — 07) + jV,, sin(0; — 07) (5.8)
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Figure 5.5 Grid voltage vector in the SRF-PLL.

The d-axis component and g-axis component of the grid voltage vector in dg
reference frame are derived:

Veq = Vg cos(9, — ) (5.9)
Veg =V, sin(@, — 6) (5.10)

where (6, — 9; ) is the phase angle difference between the grid phase-a voltage and
PLL output phase angle.

The dg components of the grid voltage vector in dg reference frame can also
be derived through the following matrix calculation:

/ N /
Ved _ . Vea _ cos 65, —sin OS . Vea .10
Veq “h/da Vep sin@!  cos 6! Vep

It is seen from equation (5.10) that the g-axis component of the grid voltage
vector in dg reference frame v,, is proportional to sin(6, — 0; ). If the phase error
4, — 49; ) is very small, the g-axis component v, can be approximated as

Vog ® Vo(8,— ) (5.12)

Vg, 1s proportional to the phase error between 6, and 0; . Therefore, the Park trans-
formation in SRF-PLL functions as a phase detector. PI controller is the loop filter
in SRF-PLL. The output of the add junction is angular speed @ while PLL output
phase angle 0/ is generated by integrating the angular frequency /. To limit the PLL
output phase angle 9; range inside [0, 2x], the mod operator is inserted in the loop.
Once the PLL reaches the steady state, PD output Veg = 0 while PLL output phase
angle 9; is equal to the phase angle of the grid phase-a voltage ;. In this case, the d-
axis component of the grid voltage vector in dg reference frame v,; becomes constant
with a value equal to the amplitude of the grid phase voltage V.

In SRF-PLL, as long as the g-axis component of the grid voltage vector v,,, is
controlled to be zero, the PLL output 8,” will track the grid phase-a angle 6,, which
is the phase angle of the grid phase-a voltage. The experiment result of the SRF-PLL
in DFIG wind power system is shown in Figure 5.6. The upper two sinusoidal wave-
forms are the grid phase-a and phase-b voltages. The middle saw-tooth waveform is
the PLL output, which has the same frequency with the grid voltage in steady state
with its value equal to the instant phase angle of the grid phase-a voltage. The lower
waveform shows the changing grid frequency. The grid frequency is 50 Hz initially
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Figure 5.6 Experimental result of the SRF-PLL in the DFIG wind power system.

and later, the grid frequency increases to 52.5 Hz. PLL output can track the grid angle
again in about 20 ms. The PLL is able to synchronize with the grid voltages properly
under ideal grid voltage condition.

However, when the three-phase grid voltages are not ideal and there is distortion
or unbalance in the three-phase grid voltages, the performance of the SRF-PLL will
be affected, which will be discussed in detail in Chapter 12.

5.3.3 Control Scheme

The dynamic model of the GSC with L filter has been introduced in Chapter 4 and is
rewritten as follows:

digd . .
Ved = _L7 —Riyg+ oLiy, +v,
dig, . .
Veg = _LW —Ri,, —aLi; +v, (5.13)

The active power and reactive power from the grid to the GSC are described by

3 . .

Py=—3 (Vediea + Vegicq) (5.14)
3 . .

Q=5 (Veqigd = Veaigq) G-15)

It is assumed that dq rotating reference frame is oriented with the grid voltage
by aligning d-axis with the grid voltage complex vector Vg. It can be realized by SRF-
PLL. Once SRF-PLL is synchronized with the grid, the d-axis component of the grid
voltage vector in dg reference frame v,; = V; and the g-axis component of the grid
voltage vector in dq reference frame v,, = 0. Then the active power equation (5.14)
and reactive power equation (5.15) are simplified to

3
Py ==3Vealea =~5

3. 3.
Qp = FVedleg = 5 Vsleq

Vyigg (5.16)

(5.17)
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From equations (5.16) and (5.17), it is observed that the active power P,
depends on the d-axis component of the grid current i,; while the reactive power
Q, is proportional to the g-axis component of the grid current i,,. Therefore, the d-
axis current i, can be used to control the active power P, of the converter. The g-axis
current i,, is used to control the reactive power Q, of the converter.

89
The converter dynamic model (5.13) can be expressed as

dig
VS = —LT - Rigd + a)SLigq + Vg
dig,
= ~L— ~ Rigy ~ ,Lig +V, (5.18)

If the coupling terms wLi,, and w,Li,, are ignored in equation (5.18), the first
line in equation (5.18) is the first-order system deciding the relationship between the
d-axis current i,, and the d-axis control voltage of the converter v,;. The second line in
equation (5.18) is also the first-order system deciding the relationship between the g-
axis current i, and the g-axis control voltage of the converter v,,. Therefore, the d-axis
current i, and the g-axis current i,, can be controlled by the d-axis control voltage
of the converter v; and the g-axis control voltage of the converter v,, respectively.
In other words, the active power and reactive power from the GSC to the grid can
be controlled by the d-axis control voltage of the converter v, and the g-axis control
voltage of the converter v, respectively.

The DC-side equation of the GSC with L filter is rewritten here from equa-
tion (4.120) by considering the given dg frame orientation:

dv de 3 VY
C =i — -
dt ld(,‘

v lod (5.19)
where i, is the external current flowing into the DC bus of the converter. It is observed
that DC-bus voltage v, can be controlled through the d-axis currents i,,;.

According to the analysis mentioned above, a control scheme for the GSC is
drawn in Figure 5.7. Three-phase grid voltage Vg, current ;gahc, and the DC-bus
voltage v,. are measured. Through SRF-PLL with the measured three-phase grid
voltage V., the grid angle 6, and angular frequency @, are obtained. The control
scheme has two current-control loops: one is the d-axis current i, control loop, and
the other is the g-axis current i,, control loop [18-21].

The d-axis current i, control loop is an active power-control loop. The given

DC-bus voltage reference V;if is compared with sampled DC-bus voltage v , . Their
error is amplified by a PI regulator and its output is taken as d-axis current reference

i;g. Then, the d-axis current igd is controlled to track the d-axis current reference z;?;

with PI regulator. The output of this d-axis current PI regulator is taken as the d-axis
reference voltage of the converter v,,;.
The g-axis current i, is a reactive power-control loop. According to reactive

ref
8q

(5.17). Then g-axis current i,, is controlled to track the g-axis current reference ;

power command QZ,“T’C , the g-axis current reference i, is calculated using equation

ref
89
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Figure 5.7 Control scheme of the GSC.

with PI regulator. The output of this g-axis current PI regulator is taken as the g-axis
reference voltage of the converter v,,,,.

In the control scheme shown in Figure 5.7, decoupling is introduced to elim-
inate the interference between d-axis and g-axis current controls. Once we obtain
d-axis and g-axis reference voltages of the converter v,,; and v,,,, respectively, PWM
pulses can be generated either by carrier-based PWM or SVM. Here carrier-based
PWM is shown. d-axis and g-axis reference voltages v,,; and v,,,, respectively, are
transformed into three-phase modulation waves, which enter PWM modulator to gen-
erate switching signals for the converter.

5.3.4 Simplified Control Model in s-Domain

For the system analysis, the frequency domain analysis is widely used. The model of
the grid converter described by the differential equation (5.13) can be changed into
the following equation in the s-domain:

Vg = (Ls + R)igg — osLiy, + vey

vy = (Ls + R)igy + o Ligy + vy, (5.20)
By considering GSC, equation (4.120) can be expressed as follows:

dvge . 31 . .
C dtc =iy — Erdc(vgd g F Vg lgq) (5.21)
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(b)

Figure 5.8 Control diagrams for the GSC: (a) the model of GSC; (b) the GSC model and
control system.

Once the PLL is synchronized with the grid, the d-axis component of the grid voltage
vector in dg reference frame v, =V, and the g-axis component of the grid volt-
age vector in dq reference frame v,, = 0. By transferring equation (5.21) into the
s-domain, the following s-domain model of the DC side can be obtained:

3 Ved ,

chdc = idc - Ewlgd (522)
C

The diagram for GSC model is drawn according to the equations (5.20) and
(5.22) as shown in Figure 5.8(a). The grid voltage Ved> Veq and the DC-bus current
iy are regarded as disturbances to the system. By replacing the GSC converter in
Figure 5.7 with the diagram of GSC model in Figure 5.8(a), a diagram of the whole
system is obtained as shown in Figure 5.8(b). Here PWM model in Chapter 4 is used.
The relationship between the output voltage of the GSC (v, vq) and d-axis and g-axis
reference voltages v,,; and v, are expressed as

Va = prmvmd
Vg = KpyumVing (5.23)

The d-axis loop controls the DC-bus voltage, and the g-axis loop controls the
reactive power. Since these two loops have been decoupled by introducing decouple
terms in the control system, the d-axis current loop and the g-axis current loop are
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Figure 5.9 Decoupled diagram of the GSC system: (a) the d-axis control diagram; (b) the
g-axis control diagram.

independent of each other. The diagram of the d-axis loop is shown in Figure 5.9a,
while the diagram of the g-axis loop is shown in Figure 5.9b. With regard to the current
loops, the d-axis current loop is the same as the g-axis loop. Here grid disturbance
terms are eliminated by introducing the forward control.

Open-loop transfer function from the voltage reference v,,; or v,,, to the grid

current i, or iy, are derived:

1

—_— 5.24
.y (5.24)

Gw-(s) = Kp

Compensated open-loop transfer function G;;(s) for the current loop is
described by

1

Gji(s) = Gp(9)G,(s) = GPIi(S)prmm (5.25)
where Gpj;(s) is the transfer function of the PI controller in the current loop.
Gpri(s) = ki + K (5.26)
s
The closed-loop transfer function of the current loop is
Hyls) =~ fés)(s) (5.27)

With regards to the d-axis control diagram Figure 5.9a, the open-loop transfer
function G;,(s) from i,,;* to v, can be expressed as

3Ved 1
G, (s) = _Hii(s)ividca (5.28)
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TABLE 5.1 Parameters of the GSC with 660 kW rated power

Rated power P, (kW) 660
Rated voltage Vi (V,,,s) 690
Inductance L (mH) 0.5
Parasitic resistance R (mQ) 1.8
DC-bus capacitance C (mF) 20
DC-bus voltage V,. (V) 1150
Switching frequency f; (Hz) 2000

In the case of designing the controller for outer voltage loop, the closed-loop
transfer function of the inner current loop H;;(s) in equation (5.28) can be approxi-
mated to 1. Then equation (5.28) can be simplified as

3Ved 1
G(§) v —=—— 5.29
WO~ =5y Cs 6:29)
Compensated open-loop transfer function G, (s) is expressed as
G,,(s) = Gpp, ()G, (5) (5.30)

where Gpy,(s) is the transfer function of the PI controller for DC-bus voltage outer
loop, which is described by

k;,
GP[V(S) = kpv + % (531)

5.3.5 Controller Design

With the GSC model in the s-domain (5.24)—(5.31), the PI controller parameters can
be designed using the Bode diagram. A 660 kW power converter for 1.5 MW DFIG
wind power system is used as an example. GSC parameters are listed in Table 5.1.

The PI controller of the current loop is designed firstly. The open-loop transfer
function G,;(s) is expressed as

1

Gl =Ko TR

(5.32)

where K,,,,,, = V;./ \/§ is selected, which means SVM is used.

Bode diagrams of the open-loop transfer function G,,;(s) with the parameters
in Table 5.1 are shown in Figure 5.10. It is a first-order system, the low-frequency
asymptote is a horizontal line with an amplitude of 111 dB, while the high-frequency
asymptote is a straight line with slope — 20 dB/decade. The intersection of these two
lines is at 0.57 Hz. The crossover frequency is about 200 kHz. Its phase delay is 90°
at high frequency.

Itis expected that the compensated open-loop transfer function has a bandwidth
as wide as possible to improve the system dynamics. The crossover frequency f, of
the compensated open-loop transfer function is selected to be 1/10 of the switching
frequency f,. In this case, the switching frequency f; =2000 Hz, so the crossover
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Figure 5.10 Bode diagrams of the open-loop transfer function G ,(s).

frequency f,. =200 Hz is selected. For the compensated open-loop transfer function
G,;(s) and the transfer function of the PI controller Gpj;(s), the following equation
can be derived:

|Gil'(s)|j27[f;: = |GPIi(S)GVi(S)|j27rfC =1 (533)

The corner frequency of the PI controller f;, which is related to the zero of the
PI controller, is selected to be the corner frequency of the open-loop transfer function.

Gpi(9)| ippy = hipi + == =0 5.34

Pll(s) |1271fi pi + jzﬂf; ( )
where f; = 0.57 Hz. Finally, the PI parameters can be derived with the following two
equations:

. !
Goi2nf) = [k, + —i S S 5.35
|G| <‘”+j27rfc> P Af. L+ R (5-35)
kii
2af, = ~i (5.36)
kpi

The PI parameters k,; =9.46 X 1074, k;; =3.4x 1073 are calculated. Bode dia-
grams of the compensated system G;;(s) are shown together with Bode diagrams
of the uncompensated system G,;(s) and PI regulator Gp(s) in Figure 5.11. The
crossover frequency of the compensated system is about 200 Hz, and 90° phase mar-
gin is obtained.
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5 50 Jies > -
g apeatill| | LU z —45 e /Gv'(s) |
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Figure 5.11 Bode diagrams for the inner current loop design.
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Figure 5.12 Bode diagrams for the outer voltage loop design.

As shown in Figure 5.9, the d-axis control diagram is composed of two cascaded
feedback loops. After designing the inner current loop, we can design the controller
for the outer voltage loop. To ensure the stability of the cascade control, the outer
loop is deliberately designed to be far slower than the inner loop. Here the crossover
frequency f, of the outer loop is selected to be 1/20 of the crossover frequency of the
inner loop, that is, 10 Hz. According to equation (5.30), it results in the following
equation:

|Gw(s)|.27r = |Gp1v(S)Giv(S)|-2,, =1 (5.37)
27f. j27f,

Since the uncompensated system described by equation (5.29) is an integral
term, the corner frequency of the outer PI regulator f; is selected to be 1/5 of the
crossover frequency, that is, 2 Hz. Therefore, the PI regulator is required to satisfy
the following equation:

GPIV(S)|j2,,ﬁ. =0 (5.38)

From equations (5.37) and (5.38), the following two equations are derived

. ; 3Vd 1
o (g 4K V3T 11 5.39
| VV(] ”fc)| <pv j271'fc> 2Vdcj27[fCC ( )
Lk 5.40
Pv_if ( )
i

The PI parameters for outer voltage loop k,, = 1.67 and k;, = 21 are obtained
by solving the above two equations.

The Bode diagrams of the transfer function G;,(s), the outer PI regulator Gpy, (s)
and the compensated open-loop transfer function G, (s) are shown in Figure 5.12. The
crossover frequency is about 10 Hz, and a phase margin of more than 75° is provided.

For the g-axis control diagram shown in Figure 5.9, there is only one feedback
loop. The PI regulator design is the same as the inner current loop design for the d-
axis as mentioned before. Its outer reactive power is controlled with an open loop as
shown in the figure.



114 CHAPTER5 CONTROL OF DFIG POWER CONVERTERS

i Stator breaker
-
oy
| 100
220 V:690 V | 3

v| o 4 Driving

1 L d VT C inverter
- | i - .
Grid Transformer | Converters 8 r

e s __ GSC__ ,D,C:EU,S, __RsC __} DFIG Driving motor

Wind turbine simulate
PC

Figure 5.13  Schematic diagram of the 1.5 MW DFIG WPS test bench.

5.3.6 Test Results

Test results for the GSC in the 1.5 MW DFIG WPS are briefly presented in this sec-
tion. The schematic diagram of the test bench is shown in Figure 5.13. The wind tur-
bine is emulated by a cage rotor machine which is driven by an inverter. This machine
can be operated in torque-control mode or speed-control mode to emulate different
operation conditions of the DFIG. The details of the system will be introduced in
Chapter 14.

The steady-state results of the GSC with light load are shown in Figure 5.14a,
the DC-bus voltage is controlled to be 1150 V and it is stable under steady state. The
experiment results when a step change of the output reactive power from about 0—
0.25 pu is shown in Figure 5.14b. The dynamic process is finished in about 5 ms, as
the crossover frequency of the inner loop is selected to be about 200 Hz. The DC-bus
voltage keeps stable during this dynamic process. The control performance of the
GSC vector control is satisfactory.

5.4 ROTOR-SIDE CONVERTER IN
POWER-CONTROL MODE

5.4.1 Control Target

After the stator windings of the DFIG are connected to the grid, the DFIG starts
to generate power to the grid. The DFIG is controlled through the RSC to generate
active or reactive power according to the power command from the wind turbine
central controller as shown in Figure 5.15. The power command comes from the
wind turbine central controller to realize maximum power point tracking (MPPT) or
the requirements of the transmission system operators, etc.

The grid synchronization for the RSC in power control is also needed. It uses a
PLL to get the grid phase angle 6, and the angular speed w, information as mentioned
in the grid synchronization in Section 5.3.2, so it will not be repeated here.

5.4.2 Control Scheme

Under stator voltage orientation control, d-axis of dg reference frame is selected to be
in the same direction as the grid voltage vector ¥, and the dq reference frame rotating
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angular speed is the same as the synchronous speed w, [7, 27]. In this case, the d-axis
component of the grid voltage v, is the grid phase voltage amplitude V, while the
g-axis component of the grid voltage v, is always zero. The following equation is
satisfied:

3salq = Vsd +jvsq = Vs (541)

The dg model of the DFIG stator equation is rewritten here:

-

T’;qu = Rs isdq + pu_}sdq + jws l7}de] (5.42)

If it is approximated that the stator resistance is neglected and the transient
process of the flux is ignored, then equation (5.42) is simplified to

3salq ~ j@sﬁsdq (5.43)

According to equations (5.41) and (5.43), the stator fluxes in the dg reference
frame y; and y, are derived:

Ysd ~ 0

Wy R —— (5.44)

The stator and rotor fluxes in the dq reference frame are rewritten here:

li/)sdq = Lsixdq + Lmirdq (545)
l7/);*dq = Lmisdq + Lrirdq (546)

According to equation (5.45), the stator current can be expressed by the rotor
current

. 1 L, .
lsg = L_V/sd - L_lm'
s s
1 Ly .

l.sq = L—Slﬂsq - L—squ (547)

By substituting equation (5.44) in equation (5.47), the relationships between
the stator and rotor currents under stator voltage orientated dg frame are written as

L
ivd = __mird
S Ls
Vv Lm
o= 5.48
i a)sl‘s Ls ' ( )

With regard to equation (5.48), the stator currents iy, and iy, in the dg refer-
ence frame are proportional to the rotor currents i,; and i, , respectively, under stator
voltage orientated dq frame.

rq’
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The stator output active and reactive power equations are expressed by

3.
Ps = EVslsd

0, = —ZViiy, (5.49)

It is observed that the stator output active power P, depends on the stator d-
axis current i,; while the stator output reactive power depends on the stator g-axis
current ig,

Combining equations (5.48) and (5.49), the following equations can be derived:

+ STVl (5.50)

It is observed that the active power and the reactive power control are decou-
pled. The active power P; is controlled by the d-axis rotor current i,,;, while the reac-
tive power Q; is controlled by the g-axis rotor current i,,.

According to equation (5.45), the stator current in dg reference frame is
expressed by

- Ysdg — L lrdq

sdqg = I
s

(5.51)

By substituting equation (5.51) in (5.46), the rotor flux in dg reference frame
is described by

" G + Ly (5.52)

. L
Wrdq = L_
s

2

L, L ’
The dg model of the DFIG rotor is rewritten here:

Y;rdq R lrdq + pWrdq + J(w wr)lprdq (5.53)

By substituting equation (5.52) in (5.53), the rotor voltage in the dg frame is
described by

L S,
Vag = [R, + oL.p + j(w; — w,)0L, ] Ingg + L—m [P +j(w; — )] ¥y, (5.54)
S
By using the approximation as equation (5.43), equation (5.54) is changed into

Lm (w, —w,)_,

——
rdq Ls w, sdq

Voag = R+ oLp + j(@, — ®,)oL,] i (5.55)
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Figure 5.16 The control scheme of RSC and DFIG in power-control mode.

The above complex equation can be expressed with d-axis and g-axis real com-
ponent equations as follows:

. dird . wlem
Via = errd + O-Lrg - wle-Lrqu + w L Vsd
sty
= Ryi,, + oL, — i L ©stln 5.56
Vg =R+ o0 T +wgoL,i; + Vg (5.56)
s

where oy = 0, — o,.
It is seen that the rotor currents i,; and i,, are controlled by the rotor voltages
v,q and v, respectively. The rotor voltages v, and v, are output voltages of the RSC.
The stator voltages v, and v, are regarded as the grid disturbance to the system.
According to the rotor equation (5.56), the control scheme of the RSC is drawn
1n Figure 5.16 [22-26]. The stator three phase voltage V., stator three-phase current

subc , and rotor three-phase current ; i,4bc are sampled and transformed into dq reference

frame. The active power and reactive power is controlled by the outer power loops.
For the active power, open-loop control is used, while closed-loop control with a PI
regulator is used for the reactive power. According to (5.50), the rotor d-axis current
reference i df is estimated from the active power command, while the rotor g-axis
current reference i, o s generated by the outer reactive power control PI regulator.
There are two 51m1lar current loops, that is, d-axis rotor current-control loop and
g-axis rotor current-control loop. The outputs of d-axis rotor current regulator and
g-axis rotor current regulator are rotor voltage references v,,,; and v,,,.. The rotor
voltage references are used to generate PWM signals for the converter.
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Figure 5.17 Block diagram for the model of DFIG in power-control mode.

5.4.3 Control Model in s-Domain

The dynamic model for the DFIG in the s-domain can be derived from (5.56):

= (R, + oL,s)i L. Lnvsa
Vid = ( rto rs)lrd — W50Lyly + Cosl—L
WL

Lmvsq

w L

S8

Combining equations (5.50) and (5.57), the block diagram for the DFIG model
is derived as shown in Figure 5.17.

According to the DFIG model in Figure 5.17, the control diagram of the DFIG
is illustrated in Figure 5.18. The d-axis rotor current loop and g-axis rotor current
loop are decoupled by introducing decoupling terms in the current loop. Then d-axis
and g-axis rotor currents i,; and i,,, respectively, could be controlled independently.

qu = (Rr + GLrS)irq + wslaLrird + @y (557)

rq’
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Figure 5.18 Control diagram for the DFIG in power-control mode.
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Figure 5.19 Block diagram of the g-axis loop in power-control mode.

Since two current loops are similar, we take the g-axis loop as an example of which
the block diagram is drawn in Figure 5.19.

From Figure 5.19, the open-loop g-axis current loop transfer function G,;(s),
which is from the rotor voltage reference v,,,, to the rotor current i,,,, can be written

mrq rq’
as
1
G~ K,y 5.58
vz(s) pwm Rr + SGLr ( )
PI regulator for g-axis current loop is
kii
Gpyi(s) = kyi + — (5.59)
s
The compensated open-loop g-axis current loop transfer function G;;(s) is
kii 1
Gii(s) = GPIi(S)Gvi(S) = kpi + ? prmm (560)
Then g-axis current closed-loop transfer function H;;(s) is written as
G;(s
H,(s) = _Gil®) (5.61)
1+ Gyi(s)

Now we will deal with the outer reactive power loop. Open reactive power

loop function G;y(s) from the rotor current reference i/ to the reactive power can be

rq
derived as

Gip(s) = 2L—mV H;(s) (5.62)
iQ - 2 Ls sthii .
PI regulator used in the outer reactive loop is

Then compensated open-loop function G (s) for the outer reactive power loop
is written as

kig 3L,
Goo(s) = Gpip(9)Gip(s) = | kyp + - Hii(s)EL_Vs (5.64)

The design of the control parameters will be introduced in the following section.
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TABLE 5.2 RSC converter parameters

Rated power (kW) 660
Rated voltage (V,,,,,) 690
DC-bus capacitance (mF) 20
DC-bus voltage (V) 1150
Switching frequency (Hz) 2000

5.4.4 Controller Design

Now we will discuss the controller design of the RSC when the DFIG is in power-
control mode. The parameters of the 1.5 MW DFIG wind power system is shown in
the Appendix. The RSC parameters are shown in Table 5.2.

For the inner current loop design, the crossover frequency of the compensated
open-loop transfer function is selected to be 1/5 of the switching frequency, which
is 400 Hz. The corner frequency of the PI regulator is chosen to be the corner fre-
quency of the uncompensated system, which is 2.4 Hz, as shown in Figure 5.20. The
PI parameters are derived as k,,; = 5.276 X 1074, k;; = 0.008. The Bode diagrams of the
uncompensated system G,;(s), the compensated system G;;(s), as well as the PI reg-
ulator Gpj;(s) are shown in Figure 5.20. The crossover frequency of the compensated
system is about 400 Hz, and 90° phase margin is obtained.

With regard to the outer reactive power loop design, the crossover frequency
of the compensated open-loop transfer function is designed to be about 1/10 of the
inner current loop to ensure the stability of the cascade control, which is about 40 Hz.
The PI parameters of the outer loop are derived: k,; =2.36 X 1074, kip=0.297. Bode
diagrams of the open-loop transfer function G, (s), the compensated system G (s),
and the PI regulator Gp;(s) are shown in Figure 5.21. The crossover frequency of
the compensated system is 40 Hz, and a phase margin of 90° is obtained.

5.4.5 Test Results from a 1.5 MW DFIG WPS

Test waveforms on a 1.5 MW DFIG wind power system running in power-control
mode are given as an example. The steady-state waveforms for the DFIG are given
first under different rotor speeds, and with different active power outputs, as shown in
Figures 5.22-5.24. Notice that as the grid voltage has distortions in the real case, the
stator and rotor currents also have harmonic components, which will be discussed
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Figure 5.20 Bode diagrams of the inner current loop design in power-control mode.
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Figure 5.22  Steady-state waveforms for the DFIG under the sub-synchronous speed of
1200 rpm: (a) with 0.5 pu output active power; (b) with 0.1 pu output active power.
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Figure 5.23  Steady-state waveforms for the DFIG under the synchronous speed of
1500 rpm: (a) with 0.5 pu output active power; (b) with 0.1 pu output active power.
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Figure 5.25 Waveforms during rotor speed change: (a) from 1200 to 1500 rpm; (b) from
1500 to 1800 rpm.

later in this chapter. The DFIG can generate active power according to the power
commands from the wind turbine under different rotor speeds. It is observed that the
rotor current frequency is 10 Hz when the rotor speed is 1200 or 1800 rpm. It becomes
0 Hz under 1500 rpm. The GSC current shows the direction of active power flow. The
GSC power flow direction is different under rotor speeds of 1200 rpm and 1800 rpm
since the rotor side absorbs power from the grid in the sub-synchronous speed of 1200
rpm while it outputs power to the grid in the super-synchronous speed of 1800 rpm.

The dynamic waveforms are shown in Figures 5.25 and 5.26. The dynamic pro-
cesses of the rotor speed changing from 1200 to 1500 rpm, and from 1500 to 1800 rpm
are shown in Figure 5.25. The output active power is controlled to be 0.5 pu during
the speed change. The rotor current frequency and the GSC current change during
the rotor speed change. The stator current remains unchanged during the dynamic
process.

The dynamic process of the DFIG under a step change of active power reference
from O to 0.5 pu is shown in Figure 5.26. The rotor speed keeps 1800 rpm during this
test. The d-axis rotor current takes only about 4 ms to finish this dynamic process,
which also corresponds to the crossover frequency of several hundred Hertz. The g-
axis rotor current barely changes during this transient process, which indicates the
d-axis and g-axis current controls are decoupled.
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Figure 5.26 Waveforms during active power step change from 0 to 0.5 pu.
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Figure 5.27 The speed-control regions of the DFIG: (a) turbine speed versus wind speed;
(b) mechanical power versus wind speed.

5.5 ROTOR-SIDE CONVERTER IN
SPEED-CONTROL MODE

5.5.1 Control Target[7, 9, 10]

The wind turbine has four operating modes: starting mode, MPPT mode, speed lim-
iting mode, and power-limiting mode. In the starting mode as A—B stage shown in
Figure 5.27, the DFIG runs with constant speed control when the wind speed is lit-
tle higher than the cut-in speed. In the MPPT mode, as B—C stage shown in Figure
5.27, the DFIG runs at MPPT state. The rotor speed is regulated so that maximum
power is harvested. When the wind speed is so large that the rotor speed has reached
its mechanical limit, the rotor speed should be limited to prevent mechanical failure
in the wind power system. In this case, the wind turbine is changed to speed limit-
ing mode as C-D stage shown in Figure 5.27. Although the rotor speed is fixed, the
harvested power of the wind turbine still increases with the increasing wind speed in
this mode. Once the power reaches the electric limit, the wind turbine will transfer to
the power-limiting mode as D-E stage shown in Figure 5.27 to avoid damaging the
electric parts such as the generator and power converters.

Therefore, we can see that the DFIG rotor speed is required to be controlled
through the RSC according to wind turbine operation modes.

5.5.2 Grid Synchronization

The grid synchronization is also needed for the RSC in speed control. PLL is used to
get the grid phase angle 6, and the angular speed o, information. The grid synchro-
nization is similar to that in GSC control as mentioned in Section 5.3.2, so it will not
be repeated here.

5.5.3 Control Scheme

The relationship among the mechanical torque, electromagnetic torque, and the rotor
speed has been introduced in Chapter 2. As the response time of the pitch control
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in the wind turbine is much slower than the generator controlled by the RSC, the
mechanical torque can be regarded as a constant during DFIG dynamic process. If
the friction coefficient is neglected, the simplified mechanical model of DFIG is rep-
resented as

dw h
G CZEC = Lmech — Tem (565)

where J; is equivalent inertia of the generator mechanical axis, and 7T, is the
mechanical torque from the wind. The electromagnetic torque 7,,, is decided by the
rotor d-axis current i,;. The control scheme of the RSC in speed-control mode is
similar to that in power-control mode, as shown in Figure 5.28.

The control loop is also composed of the inner current loop and the outer
power/speed loop; the only difference from the control in power-control mode is that
the outer active power control is replaced by the rotor speed control. The rotor speed
reference wfef is from the up-level wind turbine central controller, while the actual
rotor speed w, is measured with the encoder. The output of the rotor speed PI regu-
lator is the rotor current reference in d-axis i:;f . The rest part of the control diagram
is the same as that in power-control mode.

5.5.4 Control Model in s-Domain

The PI regulator parameters for the inner current loop and reactive power loop are
the same as those in power-control mode.
The electromagnetic torque in the dg reference frame can be expressed by

R LV
3 ) 3, tms; (5.66)

L
T,,= =n,—Im <17/'Sd o) =n,——iy
2P L Trda) 2P L o, "
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Figure 5.29 Block diagram for the model of the DFIG in speed-control mode.

where n,, is the number of pole pairs of the generator. For the outer rotor speed loop
design, the open-loop transfer function from the rotor d-axis current to the rotor speed
is derived by combining equations (5.65) and (5.66).

@) _ 3 LnVs 11
iq(5) 2P L wgJgs

G, (s) = (5.67)

The block diagram for the DFIG model is derived as shown in Figure 5.29.

According to the DFIG model in Figure 5.29, the control diagram of the DFIG
is illustrated in Figure 5.30 [7, 9, 10]. The d-axis rotor current loop and g-axis rotor
current loop are decoupled by introducing decoupling terms in the current loop.
Then d-axis and g-axes rotor currents i,; and i
independently.

rg> respectively, could be controlled

1K,

pwm

er d
K

prm

owgyl,

pwm

Figure 5.30 Control diagram of the DFIG in speed-control mode.
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Figure 5.31 Steady performance of the DFIG to control the rotor speed to be 1680 rpm.

The PI regulator parameters for the outer rotor speed loop can then be designed
with the Bode diagram.

5.5.5 Test Results

Test results from the 1.5 MW DFIG WPS test bench are shown in Figures 5.31-
5.33. The driven motor here is running in torque-control mode while the speed con-
trol is taken by the DFIG. The steady-state performance of the DFIG when the rotor
speed is controlled at 1680 rpm is shown in Figure 5.31. The rotor speed is stable at
1680 rpm.

3 iwt : : (1 000/ di]
Rotor speed e e ot ; . : .
(300 rpm/div) : :

1500 rpm

GSC current
(200 A/div)

Stator current
(1000 A/div)

Rotor current
(800 A/div)

Figure 5.32 Dynamic performance waveforms during speed reference changes from 1560
to 1680 rpm.
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Figure 5.33 Dynamic performance waveforms during speed reference changes from 1680
to 1560 rpm.

The dynamic process of DFIG during rotor speed reference changes are shown
in Figures 5.32 and 5.33. Although this situation may not happen in real wind power
systems, it can be used to test the dynamic performance of the system. It can be found
that the rotor speed can be controlled to smoothly vary from 1560 to 1680 rpm, and
from 1560 to 1680 rpm, and no significant transient current is seen in this process.

5.6 ROTOR-SIDE CONVERTER IN STARTING MODE

5.6.1 Control Target

The starting mode is referred to the synchronous process of the DFIG stator voltage
to the grid voltage before the DFIG stator side is connected to the grid, as shown
in Figure 5.34. In starting mode, the amplitude of the stator voltage v,,,. undergoes
a gradual increase process. The stator breaker is not closed until the stator voltage

Gearbox :
" Stator Breaker Transformer — Grid
{
\
vgabc

Figure 5.34 Schematic diagram of the DFIG system in starting mode.
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Vsabe has the same amplitude, frequency, and phase angle with the grid voltage vy,
Otherwise, it may result in a large surge current when the stator breaker is closed.
As a result, the control goal of the RSC in starting mode is to keep the stator voltage
Vsabe 0 track the grid voltage v, with respect to its amplitude, frequency, and phase
angle so that the smooth connection of the stator windings to the grid can be achieved.

Normally, the starting mode appears once the wind speed reaches the cut-in
speed. In this case, the rotor speed is usually under sub-synchronous speed. How-
ever, it is possible that the DFIG is connected to the grid with synchronous or super-
synchronous speed when the wind turbine system needs to be reconnected again to
the grid after short-time grid faults are cleared.

5.6.2 Grid Synchronization

The grid synchronization for the RSC in starting mode is accomplished by using a
PLL to get the grid phase angle 6, and the angular speed @, as mentioned before.

5.6.3 Control Scheme
The dg model of DFIG is rewritten here:

Vodg = Rilyag + PWsaq +i0, W4 (5.68)
Vodg = Ryygy + Py + J(@03=0,) g (5.69)
Wedg = Llsag + Linirag (5.70)
Wrdg = Lntsag + Liirag (5.71)

Since the stator breaker is not closed in the starting mode, the stator current
iqq Of the DFIG is zero. By substituting iy, = 0 in equation (5.68), the stator circuit

equation is simplified as

sdq

Vsdq = pv_}sdq +ja)slpsdq (5.72)

For the balanced grid voltage, both d-axis and g-axis components of Vsdq are
DC. If the stator flux reaches steady state, the above equation can be simplified as

Vdg = JOWsag (5.73)

-

By substituting iy, = 0 in equation (5.70), the stator flux is expressed as

-

lz}sdq = Lm irdq (5.74)

By combining equations (5.73) and (5.74), the stator voltage can be represented
by the rotor current

i;sdq = jwsLm irdq (5.75)

It is observed that in starting mode, the stator voltage can be controlled by the
rotor current.
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Figure 5.35 The control scheme of the RSC in starting mode.

By substltutmg i,5, = 01in equation (5.71), the rotor flux can be expressed as

sdqg —

i/rdq = Lrlrdq (576)

By inserting the above equation to equation (5.69), the following rotor equation
can be obtained

Vigg = R lrdq + Lrplrdq + j(w, — wr)Lr_i',dq (5.77)

The above equation can be split into d-axis and g-axis components as follows:

d
rd = errd + L d lLr rq
qu R + er rq + wS[Lrird (578)

where oy = 0, — o,.

According to equation (5.78), the rotor currents depend on the rotor voltages,
which are controlled by the AC output voltage of the RSC. The control scheme of
the RSC in starting mode is shown in Figure 5.35 [13—-15]. The stator voltages are
controlled by the outer voltage loops. The d-axis stator voltage component vy, is
required to track the d-axis grid voltage component reference v,,;, which is the grid
voltage amplitude V, under grid voltage orientated dg frame, while the g-axis stator
voltage component vy, is controlled to track the d-axis grid voltage component v,
which is 0 in grid voltage orientated dg frame.

The PI regulator outputs of the outer stator voltage loops are the rotor cur-
rent references z:f]f , rzf for the inner current loops. The rotor currents i,, and i, are
controlled by the inner loops. The current loops are similar to those in GSC However,
since the rotor rotates with the angular speed w,, the angular speed difference between
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Figure 5.36  s-domain model of the DFIG in starting mode.

the synchronous dg frame and the rotor is w; and the angle difference between the dg
frame and the rotor is 6, — 6,.. Therefore, the angle used in the dg transform for RSC
is changed to 6, — 0, instead of 6, in GSC. Rotor angle 0, is generally measured by
the rotor encoder. Similarly, the d-axis and g-axis rotor current controls are decou-
pled as shown in Figure 5.35. The PI outputs of the inner loops are the rotor voltages
reference v,,,, and v,,,;, which enters PWM modulator to realize switching control
of the RSC converter.

5.6.4 Control Model in s-Domain

The dynamic model of the DFIG in the s-domain can be derived from (5.75) and
(5.78):

Vid = Rrird + SLrird - Colerirq

Vig = Ryl + sLyiyy + 0y L, iy (5.79)
Vea B —0gLy 0, (5.80)
Veg R OgLy 1y (5.81)

According to equations (5.79)—(5.81), the control diagram of the DFIG in start-
ing mode is obtained as shown in Figure 5.36.

By replacing the DFIG in Figure 5.35 with the s-domain model in Figure 5.36,
the control diagram of RSC-controlled DFIG is obtained, as shown in Figure 5.37.
According to equation (5.80), g-axis rotor current i,, is proportion to d-axis sta-
tor voltage component v,; but with opposite polarity. To realize negative feedback

L,

s=m

Figure 5.37 Control diagram of the RSC-controlled DFIG in starting mode.
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Figure 5.38 The simplified model of the RSC and the DFIG in starting mode.

control, d-axis stator voltage component vy, control loop is a little revised as shown
in Figure 5.37.

After introducing decoupling between the d-axis and g-axis current, the d-axis
control and g-axis control are independent of each other. The d-axis loop and g-axis
loop are almost the same except their difference in the voltage references. Here only
g-axis control diagram is drawn in Figure 5.38. In the following control design in
starting mode, the g-axis control design is taken as an example.

The open-loop transfer function G ;(s) for the inner current loop, which is from
the rotor voltage reference v,,,,, to the rotor current i, is expressed as

mrq g
Gyils) = prmm (5.82)
PI controller in the inner current loop is
Gpri(s) = ky; + by (5.83)
s
The compensated open-loop function G;;(s) from the rotor current reference iflf
to rotor current i,, is described by
G;i(s) = Gpp(5)G ;(s5) = <kpi + ﬁ) prm; (5.84)
s R, +sL,
The closed-loop transfer function H;;(s) for the inner current loop is
Hyls) =~ fés)(s) (5.85)
For the outer voltage loop, the open-loop transfer function G;,(s) from the rotor
current reference i:;f to the stator voltage v,,; can be derived as
G, (s) = Hy(s)w,L,, (5.86)
PI controller in the outer voltage loop is
Gpp(s) =k, + % (5.87)

The compensated open-loop function G, (s) for the outer voltage loop is
described by

G,,(5) = Gpp, ()G, (s) = (kpv + %) Hy(s)w,L,, (5.88)
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Figure 5.39 Bode diagrams of the inner current loop design.

5.6.5 Controller Design

The controller design of the RSC in power-control mode is similar to that of the
RSC in starting mode. However, the inner current loop in power-control mode is
different from that in starting mode. The inductance in open-loop transfer function
G,;(s) is the leakage inductance oL, in power-control mode while it changes to the
rotor inductance L, in starting mode.

For the inner current loop, the crossover frequency is selected to be 1/5 of
the switching frequency. As the switching frequency is 2000 Hz, a crossover fre-
quency of 400 Hz is chosen. The PI regulator of the inner current loop is designed
similarly as mentioned before. The parameters of the PI regulator are k,; =0.016,
k; =0.008. Bode diagrams of the open-loop function G, ;(s), the compensated system
G,;(s), and PI regulator Gp;(s) are shown in Figure 5.39. The compensated system
has a crossover frequency of 400 Hz and phase margin of 90°.

For the outer voltage loop, the crossover frequency is selected to be 1/10 of the
crossover frequency of the inner current loop to ensure the stability of the cascade
control, which is 40 Hz. The PI parameters of the outer voltage loop are derived
such that k,, =0.16, k;, =200. Bode diagrams of the open-loop system G;,(s), the
compensated system G, (s), as well as PI regulator Gp,, (s) are shown in Figure 5.40.
For the compensated system G, (s), its crossover frequency is 40 Hz and the phase
margin is 90°.
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Figure 5.40 Bode diagrams of the outer voltage loop design.
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Figure 5.41 The stator voltage tracks the grid voltage under different rotor speeds in

starting mode: (a) sub-synchronous speed of 1200 rpm; (b) synchronous speed of 1500 rpm;
(c) super-synchronous speed of 1800 rpm.

5.6.6 Experiment Results

Experiment waveforms of a 1.5 MW DFIG WPS are shown here. During the starting
mode, the stator voltage is controlled to track the grid voltage as shown in Figure 5.41.
The waveforms from top to bottom in each figure in Figure 5.41 are grid voltage,
stator voltage, rotor current, and the error between stator voltage and grid voltage,
respectively. The rotor current is increased while the error between the grid voltage
and stator voltage gradually decreases. After the soft-start process, the stator voltage
has the same amplitude, frequency, and phase angle of the grid voltage. It is observed
that the frequency of the rotor current depends on the rotor speed. Once the RSC
finishes starting mode and the stator voltage of the DFIG is established, the stator
side is ready to connect to the grid.

The grid connection of the DFIG under different rotor speeds is shown Figure
5.42. The waveforms from the top to the bottom are grid voltage, stator voltage, rotor
current, and stator current. After the finishing the starting mode, the stator side is



5.7 CONTROL-MODE SWITCHING 135

Grid Voltage

h Grid Voltage
(1000 V/div) (1000 V/di'\?/)
Stator Voltgge Stator Voltage
(1000 V/div) (1000 V/div) )
- . I
Rotor current i f”“u]"“ ‘HIU“' Rotor current

(150 A/div) (150 A/div)

Stator current Stator current

(200 A/div) | : (200 A/div)
20 Q= /d [ ."d

Grid Voltage rA\ {f\- / 5 . ﬂ Grid Voltage /\ f‘\.\ ﬁ lr\ /\ fh 9&
(1000 V/div) J \j \j v (1000 V/div) "' \_, \/ \J" \/
Stator Voltage Stator Voltage

(1000 V/div) (1000 V/div)

Rotor current Rotor current i iX

(150 A/div) (150 A/div) J'n'lﬁ\"."«"\"ulr\"\" i u'.’\'\"r‘\t"',{m“-wf'!‘“
Stator current I. (| ﬁ Stator current _________________* ! f. ! i aiA

(200 A/div) i M“‘ mf‘i# i"i (200 A/div) i i (v

(a) (b)

Grid Voltage
(1000 V/div)

Stator Voltage
(1000 V/div)

Rotor current
(150 A/div)

s AT
R

VAT
\/\/\/\/
Wwwmw

Figure 5.42  Grid connection of the DFIG under different rotor speeds: (a) sub-synchronous
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1800 rpm.
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connected to the grid through the breaker. As the error between the stator voltage
and the grid voltage is small before the closing of the breaker, the grid connection
process is smooth and no large transient stator or rotor current is observed, as shown
in Figures 5.42a—5.42c. The starting mode control of the RSC ensures the smooth
connection of the DFIG stator side to the grid.

5.7 CONTROL-MODE SWITCHING

In the above sections, three control modes are introduced for the DFIG. The DFIG is
operates in the starting mode before it connects to the grid. After it is connected to
the grid, the DFIG begins to operate either at speed-control mode or power-control
mode. As a result, the control-mode changing of the DFIG cannot be avoided.
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5.7.1 From Starting Mode to Power-Control or
Speed-Control Mode

If the stator voltage has tracked the grid voltage in the starting mode, the stator breaker
is closed and the DFIG is smoothly connected to the grid. As the control model of the
DFIG in starting mode and power control (or speed control mode) are different, the
PI regulator parameters in these two modes should be changed. Since the PI regulator
parameters for the inner current loop in the starting mode are much larger than that
in the power-control or speed-control mode, the PI parameters need to be reduced
as soon as possible once the stator breaker is closed; otherwise, the system may be
unstable. On the other hand, the magnetizing current still needs to be provided in the
power-control or speed-control mode, which means the g-axis rotor current reference
is the same as that in the starting mode even when the reactive command is zero.
The switching process from the starting mode to the power or speed-control mode
normally goes in the following steps:

Step 1: After the stator voltage has the same amplitude, frequency, and phase
as the grid, the stator breaker is closed to connect the stator to the grid.

Step 2: The stator breaker normally needs dozens of milliseconds to close and
during this period, the DFIG is still running in the starting mode. After the
stator breaker is finally closed, the controller will receive a confirm signal
from the breaker.

Step 3: As soon as the controller receives the confirm signal of the stator
breaker, the control scheme is changed from the starting mode to the power-
control or speed-control mode. At the same time, the PI parameters of the
inner current loop are refreshed to accommodate the power-control or speed-
control mode. The initial values of the PI regulator of the inner current loop
in starting mode are used by the updated PI regulator for the power-control
or speed-control mode.

Smooth mode switching can be achieved when the DFIG is connecting to the
grid, and the corresponding waveforms can be found in Figure 5.42.

5.7.2 Between Power-Control Mode and Speed-Control Mode

As the inner current loop is the same for power-control mode and speed-control mode,
the switching between these two modes is easier. When the mode switching is needed,
the rotor d-axis current reference swaps from the output of the active power loop to
the rotor speed loop or vice versa. As the PI regulator may be saturated during the
mode switching, the initialization of the integer of the PI regulator may be necessary.

5.8 SUMMARY

In this chapter, the fundamentals of the converter controls for the DFIG are intro-
duced. The control of GSC is analyzed firstly. GSC is controlled to provide constant



REFERENCES 137

DC-bus voltage for RSC and to realize bidirectional power flow. Then the control
schemes of the RSC are explained. The RSC has three operation modes, that is, start-
ing mode, power-control mode, and speed-control mode. In the starting mode, the
RSC is used to realize a smooth grid connection of the DFIG stator windings to the
grid. In power-control mode, the output active power and reactive power of the DFIG
are controlled by the RSC. In the speed-control mode, the rotor speed is controlled
by the RSC. Both the power and speed-control modes are used to accommodate the
requirement of the wind turbine system. The mode switching for the RSC is also
explained. Corresponding test waveforms are included to explain the control result.
This chapter tries to help the readers to understand how to control the DFIG, which
is the basis for the following chapters.
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CHAPTER 6

ANALYSIS OF DFIG UNDER
DISTORTED GRID VOLTAGE

The harmonic voltages in a power system is generated by the nonlinear voltage source
or loads. For example, the magnetic saturation in generators and transformers will
introduce 3rd-order harmonic voltage, and nonlinear loads will bring negative Sth-,
positive 7th-, 11th-, and 13th-order harmonic voltages to the grid. Normally, if the
total harmonic distortion (THD) of the grid voltage is lower than 2-5%, regarding
different voltage levels, the grid voltage is considered as normal. Then the harmonic
voltage even in “normal grid” will influence the output power quality of the renewable
energy system. Especially for wind power systems, as they are often located in remote
areas, the weak grid may lead to higher THD at the wind turbine terminals. In this
chapter, the performance of the DFIG wind power system under harmonic distorted
grid is analyzed. The influence of the grid harmonic voltage on the grid-side converter
(GSC) current, stator current, rotor current, DC-bus voltage, active/reactive power, as
well as the torque fluctuations are analyzed. The challenge for the DFIG wind power
system operating under harmonic distorted grid voltage is evaluated.

6.1 INTRODUCTION

In Chapter 5, the conventional vector control for the DFIG is introduced under nor-
mal grid operation, which means the grid voltage is three-phase ideal sinusoidal AC
voltage with constant amplitude and frequency. Of course, this kind of ideal grid volt-
age does not exist. Grid harmonic distortion, unbalance, and grid fault are common
cases in a real power system, and the grid code demands the wind power system
should keep working in these situations. This chapter starts with the behavior of the
DFIG WPS under grid harmonic distortion. The harmonic voltage in a power sys-
tem is generated by a nonlinear voltage source or loads. For example, the magnetic
saturation in generators and transformers will introduce 3rd-order harmonic voltage,
and the nonlinear load will bring negative Sth-, positive 7th-, 11th-, and 13th-order
harmonic voltages into the grid. Normally, if the total harmonic distortion (THD) of
the grid voltage is lower than 2-5% [1], at different voltage levels, the grid voltage is
regarded to be normal, and the DFIG should provide active power with the required

Advanced Control of Doubly Fed Induction Generator for Wind Power Systems, First Edition.
Dehong Xu, Frede Blaabjerg, Wenjie Chen, and Nan Zhu.
© 2018 by The Institute of Electrical and Electronics Engineers, Inc. Published 2018 by John Wiley & Sons, Inc.
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Figure 6.1 1 Dynamic model of the GSC with vector control.

power quality, following the related grid codes introduced in Chapter 3. For wind
power systems, as they are often located in remote areas, the weak grid may lead to
higher THD in wind turbine terminal, and make it even harder to fulfill the related
grid codes. In this chapter, the performance of the DFIG wind power system under
harmonic distorted grid is analyzed [2]. The influence of the grid harmonic voltage on
the grid-side converter (GSC) current, stator current, rotor current, DC-bus voltage,
active/reactive power, as well as the torque fluctuations are analyzed. Therefore, the
challenge for the DFIG wind power system to operate under harmonic distorted grid
voltage can be evaluated [3—4].

6.2 INFLUENCE ON GSC

The stator side of the DFIG is directly connected to the grid, while the rotor side is
connected to the grid by the back-to-back connected rotor-side converter (RSC) and
GSC, as has been introduced in Chapter 2. Consequently, the influence of the har-
monic distorted grid voltage on the DFIG will be shown in two aspects: their influ-
ence on the DFIG (together with the RSC) and their influence on the GSC. However,
as the RSC and GSC are connected to a common DC bus, the DC-bus voltage may
be influenced by both the RSC side and the GSC side. The analysis will start with the
GSC first.

6.2.1 Model of GSC under Distorted Grid Voltage

The dynamic model of the GSC with vector control has been introduced in Chapter
5, and it is represented here as shown in Figure 6.1. The grid harmonic voltage can
be regarded as the disturbance in grid voltage v,; and v,,, and it can be found from
Figure 6.1 that since the harmonic components in the decoupling terms are filtered by
the low-pass filters (LPF), the harmonics in the grid voltage will influence the GSC
grid current i,; and i,,, as well as the DC-bus voltage v [5].

The relationship between the GSC grid current, grid voltage, and GSC output

voltage in the s-domain is rewritten in (6.1).
Vg = (Ls + R)igy — 0sLig, +vey

Vg = (Ls + R)igq + a)SLigd + gy (6.1)
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The GSC output voltage v, and v, are calculated from the control loop, as
shown in (6.2).

.re . .
Va = pwm p”(S)(l 4 - lgd) + wSngq

pmepu(s)(’ref —lgg) + @sLigg (6.2)

Together with (6.1), the GSC output voltage v, and v, can be eliminated and
the relationship between grid voltage disturbance v,4, v,,, and the GSC grid currents
can then be found as

e I 8
led> lgq

(Ls + Rigg + Vgq = KppunGpit( ] = igq)

(LS + R)igy + Vg = Ky Gris($)ig — i) 6.3)
As the grid voltage contains harmonic components, v,; = V, and v,, = 0 does
ref ref

not hold anymore. The GSC grid current references i od? lqq are comlng from the
outer DC voltage/reactive power loop. We focus, in thls chapter, on the harmonic
voltage disturbance, normally negative Sth, positive 7th, 11th, and 13th harmonic grid
voltages and with the frequency higher than 300 Hz in the dg reference frame. On the
other hand, the crossover frequency of the outer loop is less than 50 Hz for large-scale

DFIG WPS [6], so the harmonic components are small enough to be neglected in z;Z
and i;e;. With i;i{ =0and ig = 0, (6.3) can be rewritten as

(Ls + R)igd + Vea prmG l(s)igd

(Ls + R)igy +Veq = =K}y Gpii(8)igg 6.4)

The transfer function G,,(s) from grid voltage disturbance to the GSC output
current can then be derived as (6.5).

I
Gl = 24 = 0 _ : (6.5)

ng ng Ls+R+ prm p”(s)

This transfer function describes the influence of the grid voltage disturbance on
the GSC grid current in dq reference frames, and with conventional vector control.
G,ii(s) = k,; + k;;/s is the transfer function of the PI controller in the inner current
loop. As the grid voltage disturbance and the GSC grid current hold a linear relation-
ship, according to the superposition principle, the influence of grid voltage distur-
bance on the GSC grid current with different frequencies can be evaluated separately.
Particularly, as the negative fifth and positive seventh grid voltage harmonics are all
having a frequency of 6 f; in the dq reference frame as
1

G, (j276f.) = 6.6
i (7276f,) j276f,L + R+ K, G, (j276f;) (6.6

pwm ™ pii

Equation (6.6) represents the influence of the grid negative fifth and positive
seventh harmonic voltages on the GSC output current. The same results can be derived
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Figure 6.2 Influence of the grid disturbance on the GSC grid current. G,,(s), transfer

function from the grid voltage disturbances to the GSC grid current using vector control;
G,pen(s), transfer function from the grid voltage disturbances to the GSC grid current with
open loop control.

for the 11th and 13th grid harmonic voltages, as they are all having a frequency of
12 f, in the dq reference frame:

1
K

pwm

G,; (j2712f,) = 6.7)

G

2712, L+ R+ i (j2r12f,)

For the output active power P, and reactive power Q,, they can be expressed
as

3 . . 3
P, = _E(ng’gd HVeqleg) = ) [V Gui($)Vga + Vg Gui()vg]

0, = (6.8)
As the influence of the outer loop on the harmonic component can be neglected,
the DC-bus voltage can be found as v,.

oo (i 3k, Y L

dc dc ) Vdc gd Cs

As for (6.8) and (6.9), their relationship with the grid voltage disturbance v,

and v, are not linear and the superposition principle does not hold here. The influence
of the grid voltage harmonic disturbance on the DC-bus voltage and output active and

reactive powers cannot simply be described by one transfer function. The details will
be introduced in Section 6.2.4.

3 . . 3
—E(nglgq + nglgd) = ) [vgde»(s)vgq + ngGvi(S)ng]

3 ng 1 1

= l _———_— —_—
[ 4 2V Ls + R+ K,y Gis(s) | Cs

(6.9)

6.2.2 Influence on Grid Current

The transfer function G ;(s) from the grid voltage disturbances to the GSC grid cur-
rent has been given in (6.5). The amplitude of G ,(s) represents how large the ampli-
tude will be for the GSC grid current under grid voltage disturbance. For a 1.5 MW
DFIG wind power system, it is illustrated in Figure 6.2. The solid line represents the
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Figure 6.3 Amplitude of the GSC grid harmonic current relative to the amplitude of grid
harmonic voltage.

amplitude of G,;(s) with different frequencies, and it can describe the influence of
the grid disturbance on the GSC grid current with different frequencies. Also, the
amplitude of the transfer function from the grid voltage disturbance to the GSC grid
current without vector control loop (open loop) G, (s) is

1

Gopen(s) = LS—+R

(6.10)

This is also shown in Figure 6.2. It represents the influence of the grid distur-
bance on the GSC grid current without using the vector control loop.

It can be found from Figure 6.2 that the amplitude of G,;(s) is smaller than
the amplitude of G,,,,(s) if the frequency is smaller than 300 Hz, which means the
influence of the grid disturbance on the GSC current is suppressed by the vector con-
trol loop if the frequency of the grid disturbance is smaller than 300 Hz. However, if
the frequency is larger than 300 Hz, the amplitude of G,,(s) and G,,,,,(s) are about
the same. The vector control cannot suppress the influence of the grid voltage dis-
turbance above 300 Hz. As the switching frequency for large power DFIG power
converter is normally a few kilohertz, the band width of the vector control is then
limited to a few hundred Hz. In this case, it is only 400 Hz, so the control effect
above the bandwidth is limited, and the vector control loop is not able to suppress the
influence of the grid voltage disturbance on the GSC grid current above this control
bandwidth.

On the other hand, the most common grid harmonic voltage disturbance in the
power system is negative Sth and positive 7th harmonic voltage, as well as 11th and
13th harmonic voltage. For the negative 5th and positive 7th harmonic voltage dis-
turbances, their frequency in the dq reference frame is 300 Hz (with a fundamental
frequency of 50 Hz), and the frequency of 11th and 13th harmonic voltages in the
dq reference frame is 600 Hz. It can be found from Figure 6.2 that the vector control
loop is not able to suppress the grid disturbance of such a high frequency. The ampli-
tude of the GSC grid harmonic current related to the amplitude of grid harmonic
voltage is shown in Figure 6.3. As the grid harmonic voltage in the power system
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may sometimes reach 5% at most in remote areas, the negative fifth and positive sev-
enth GSC grid harmonic current may reach more than 6%. It has been introduced
in Chapter 4 that the largest current THD for grid-connected power converter gov-
erned by the IEEE is 5%. So, the GSC may fail to fulfill the related power quality
requirement. Five percent 11th and 13th harmonic voltages will introduce around
3.5% grid harmonic current at most, and it will also reduce the power quality of
the GSC.

6.2.3 Influence on Output Active and Reactive Powers

The relationship between the active and reactive powers P,, Q,, respectively, and the
grid voltages vy, v,, has been presented in (6.8). As this is not a linear relationship,
a simple transfer function cannot be used to analyze it, as it was for the GSC grid
current. For the GSC grid current?g, if the grid harmonic voltage disturbance is with
the frequency of Af; in the dq reference frame (% = 6 for negative 5th and positive 7th
harmonics, and 4 = 12 for 11th and 13th harmonics), the grid current in dq reference
frame can be represented as

e _= e jhot
lgdq = lgdqo + lgdqhe S (61 1)

where 7gdq0 is the fundamental grid current in vector form in the complex plane, and
_z:gdqh is the grid harmonic current written in vector form in the complex plane, in the

dg referen.ce frame. iy5.0 = igqo + Jigq0s lgdgh = Lgan +Jiggn- The grid voltage v, can
also be written as

- - - ihw.

ngq = ngqo + ngqhel D5t (6]2)
where ngqo is the fundamental grid current in vector form in the complex plane, and
ngqh is the grid harmonic current written in vector form in the complex plane, in the
dq reference frame. V00 = Voqo +/Veq05 Vedgh = Vedn T JVqn- The apparent power S,
of the GSC to the grid can be represented as

3., = RV R ; > = _i
Sy = _E(ngq’qu) = _E(ngqo + Vgagne ") ngqo +igagne™"™')  (6.13)

Then, the output active power P, and reactive power Q, can be expressed as

P, =Re (S,) = Py + Py cosn COS(hat) + Py gy sin(hat) (6.14)

Q, =1Im (S,) = Qup + Qg cosh COS(h1) + O, i Sin(hav 1) (6.15)
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where Py, O, are the DC component in the active and reactive power outputs,
respectively. Py coshs Py sinhs Qg coshs Qg sinn are the AC fluctuation components in the
active and reactive power outputs, respectively. They can be expressed as

B PgO 7 Ved0 Veq0 Vedh Vegh
Qg() Veq0 ~Vgdo Vegh ~Vedn ig 40
j;g C?Sh _| Vedn  Vegh  Vedo Vg0 || i 240 6.16)
gsinh Veqh “Vedh  "Vgq0 Vedo ‘8dh
gg cosh Vegh  —Vedn  Veqo  —Vedo | Llsah
g sinh | | —Vedn _ngh Ved0 vqu i

From (6.16), it can be concluded that the active power and the reactive power
outputs contains AC components with a frequency of /f; under grid harmonic voltage,
and their amplitude is related to both the amplitude of the fundamental and harmonic
components in the grid voltage and the GSC grid current [7-8].

6.2.4 Influence on the DC-Bus Voltage

The dynamic model of the GSC in the dq reference frame written in vector form in
the complex plane can be represented as

-

- d\= .7 -
Vag = (R + LE) lodg +JWsLiggy + Vogq (6.17)

where V,, = v, +jv, is the output voltage of the GSC in the dg reference frame,
_l:gdq = iyq + jig, is the GSC grid current in the dg reference frame, while v, = v,y +
JVgq 18 the grid voltage in the dg reference frame. As the bandwidth of the current
loop is limited, the vector control loop cannot control the harmonic component, so
the harmonic component in the output voltage qu can be neglected and only the
fundamental component v, will be found in the output voltage ﬁdq, as shown below.

;dq = quo (6 1 8)

Substituting (6.18) and (6.11) in (6.17), the relationship between the grid volt-
age, the GSC output voltage, and the GSC grid current under grid voltage harmonic
distortion can be found as

-

N d\= N -
ngq = - (R + La_'[) lgdq +stngdq + qu

Q

d . - > i -
— (LE +ja)SL) (lgdq() + lgdqhe/ th) + qu()

o

—j0sLigggo = j (h + 1) @gLigge " + 740 (6.19)
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Figure 6.4 Power flow on the DC bus of the GSC in a DFIG system.

So, the fundamental and harmonic components in the grid voltage Vg() and Y/'gh,
respectively, can be expressed as

T;gdq() ~ _jwsLigqu + Y;dq() (620)
Vedah X —i(h + DogLigge, = =X, (ho)iyg 6.21)

If the power losses on the switches are neglected, the power flowing into the
DC-bus P, can be represented as (6.22):

3. - = 35 /= 2 o —ihw.
Pdc = —ERC(qul;dq) = —ERC(quolgqu + Volgdqhe J wbt)
= Paco + Pyen (6.22)
where P, = —%Re(307g0) is the DC component while P, = —%Re(?o_z:ghe‘jhwf[)

is the AC fluctuation component with a frequency of hf;. However, the power P,
on the DC-bus capacitance C is not only related to the GSC side, it also influences
the rotor-side active power P, on the RSC side, as shown in Figure 6.4. P, can be
expressed as

Pey =Py — P, (6.23)

In the next section, it will be introduced that the rotor-side active power P,. also

contains the AC fluctuation with a frequency of Af; and it is expressed as P,;,. So, the
AC-fluctuation components P, on the DC-bus voltage will be derived as

35 =7
P = Pdch - Prh = —ERC(Volghe ‘/hwx[) - Prh (624)

caph
So, Py 1s related to the active power fluctuations on both the GSC and the

RSC side. The precise expression will be given in the next section. With P, the

current fluctuation on the DC bus i, with the frequency of Af, can be found as

. P caph
ldch = 4,
Vdc

(6.25)
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The DC-bus voltage fluctuation v, can be derived as

1

S S — 6.26
Vdch = ldch ihw.C (6.26)

Note that the current fluctuation on the DC bus i, and the DC-bus voltage
fluctuation v,.;, will not generate active power, as they are on a DC-bus capacitor
C[9].

6.2.5 Example of a 1.5 MW DFIG WPS

Simulations on a 1.5 MW DFIG WPS is given as an example, and the parameters of
the GSC has been given in Chapter 5. The grid voltage contains 3% negative fifth-
order harmonic and 2% positive seventh-order harmonic, which makes the THD of
the grid voltage to be about 3.6%. The DFIG is working with rated active power under
the rotor speed of 1800 rpm (1.2 pu), so about 0.2 pu active power flows from the GSC
to the grid. The grid voltage, GSC grid current, the active and reactive powers of the
GSC, as well as the DC-bus voltage under the distorted grid is shown in Figure 6.5.
The GSC grid current is heavily distorted under grid voltage harmonics and the FFT
analysis in Figure 6.6 shows that 3% negative fifth-order harmonic voltage introduced
more than 5% negative fifth-order harmonic GSC current, while 2% positive seventh-
order harmonic voltage introduced about 3% positive seventh harmonic GSC current,
which makes the THD of the GSC grid current reach 6.99%, larger than the THD of
the grid voltage, and it cannot meet most of the related grid codes. The grid harmonic
voltage introduces sixth-order fluctuations on the active power and reactive power
outputs of the GSC. The fluctuations can be found on the DC-bus voltage as well.
The simulation results are provided to verify the analysis in the above sections.

6.3 INFLUENCE ON DFIG AND RSC

6.3.1 Model of DFIG and RSC under Distorted Grid Voltage

The grid harmonic distortion will directly influence the stator side of the DFIG, as
the stator side of the DFIG is connected to the grid. The dynamic model of the DFIG
with vector control has been introduced in Chapter 5. However, the grid voltage dis-
turbance is not considered in that model as it is for the normal operation under ideal
grid voltage. If the grid voltage disturbance is taken into consideration, the dynamic
model of the DFIG in the dq reference frame written in vector form in the complex
plane can be represented as (6.27) and (6.28).

- < d . .S
Vsdg = Rslsdq + _twsdq +]a)su/sdq

d
= = d - . N
Vrdg = Rrlyag + = Wrdg + J05i¥saq (6.27)

Ysdg = Lsisdq + Lmirdq

- -

l[_}rdq = Lrirdq + Lmisdq (628)
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Figure 6.5 Simulation of GSC under distorted grid voltage containing 3% negative
fifth-order harmonic and 2% positive seventh-order harmonics.

where Vg, = Vg + jVygs Vygg = Vya +Jvy, are the stator and rotor voltage in the dg
reference frame, respectively, 7qu = lgq +Jjiyq and 7rdq = i,y + Ji,, are the stator and
rotor current in the dq reference frame, respectively. Wy, = Wy + /Wsgs Wyag = Wra +

Jw,, are the stator and rotor flux linkages in the dg reference frame, respectively. The
stator current and rotor flux can be derived from (6.28), as shown in (6.29) and (6.30).

- Ysdg — Lmirdq
lsdg = L
s

(6.29)

N lIj'sdq - Lm_l:rdq - L, _ =
Wrdg = Lyy——7—— + Lylay = L—mlllsdq + 0Ly (6.30)
S S
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Figure 6.6 FFT analysis of the GSC grid current.

By substituting (6.30) in (6.27), the relationship between the rotor voltage v
and the stator flux linkage ¥, can be found as (6.31).

rdq

5 i (Rtor iwor Vi s (A N 6.31
(ot i 2 (4 )
S

If the stator resistance R, is neglected, the stator flux linkage l[_}sdq can be
expressed as

(6.32)

With (6.29), (6.31), and (6.32), the equivalent block diagram of the DFIG model
in the s-domain, and in the dq reference frame can be derived and it is shown in Figure
6.7, where the grid voltage v, is considered to be a disturbance input.

sdq
vsdq DFIG
1
LT
+ —
—
L sdg
> 1 dq

Figure 6.7 Model of the DFIG considering the grid voltage disturbance.
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Figure 6.8 Model of the DFIG and the RSC when using conventional vector control.

The open loop transfer function G,;,,(s) from the grid voltage disturbance to
the rotor current in the dq reference frame can be found as

-

Ly 1 L . 1
Gyin(8) = == = =M (s + o) ———— (6.33)

Vg S +jo, L oL.s+R,

The open loop transfer function G,;,(s) from the grid voltage disturbance to
the stator current in the dg reference frame is derived as
isdq 1 1

G = —=———— .
viso Vg LsStiog s+ jo

) 1

(s + jog)) GLsTR (6.34)

These two transfer functions describe the influence of the grid voltage distur-
bance on the rotor current and stator current when the suppression effects of the vector
control loop are not considered.

If the vector control loop is taken into account, the model of DFIG and
RSC with conventional vector control can be derived, as shown in Figure 6.8. As
the crossover frequency of the outer loop is normally no more than 50 Hz for
large-scale DFIG wind power system, much smaller than the harmonic frequency
(>300 H%), only the inner current loolp is considered in Figure 6.8. G;(s) = H;_w,
Gy(s) = L—'"(s + jog), and Gp(s) = —og are defined to be the transfer function in
the three blocks as shown in Figure 6.8.

With Figure 6.8, the stator and rotor currents under distorted grid voltage can be
derived. Then, the active power and reactive power, as well as the torque fluctuations,
can be calculated [10].

r

6.3.2 Influence on Rotor Current

From Figure 6.8, the stator and rotor currents in the s-domain can be expressed as
(6.35).

Tag(s) = — [(7;3; (-1, dq(s)) Gpr()K = V50 (8)G1 ()G (s)
L, . 1
34 X GP(S)L_ + Vsdq(s)Gl(S)lT

s

(6.35)

s

- - G 1 Ls =
g () = Vygq () 1(S)L— I I5q($)

m m
L
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Figure 6.9 Amplitude of transfer function G ;.(s) and G,,,,(s).

vir

With (6.35), by eliminating the stator current zsdq, the rotor current zrdq can be
expressed as
- Gpi($)G,(5)K, - G ()G ()G (s)
irdq(s) PI pwm lr;f $) + 1 2 qu(s) (6 36)
L+ Gpi(5)G, (9K, L+ Gpi()G, (9K,

Define the transfer function from the rotor current reference to the rotor current
as

-

b GG,
lref L+ Gpi()G,(9)K,
rdg

pwm

G, (s) = (6.37)

pwm

Define the transfer function from the grid voltage disturbance to the rotor cur-
rent as

rdq G ()G ()G, (s)
G, (s) = = (6.38)
Vsdq l + GP](S)G (S) pwm
Then, (6.36) can be expressed as
7,dq(s) ”,(s)l (s) + Gm,(s)vsdq(s) (6.39)

The rotor current is not only related to the current reference ZZ’; (s) but also
related to the grid voltage disturbance nglfq(s). The influence of the grid voltage dis-

turbance Vre"; (s) on the rotor current i q(s) can be described by the transfer function
G,;,(s). The smaller amplitude of Gw,(s) indicates the lighter influence of the grid
voltage disturbance on the rotor current [11].

Take again the 1.5 MW DFIG as an example, the amplitude of transfer func-
tion G,;.(s) from grid voltage disturbance to the rotor current at different frequen-
cies are shown in Figure 6.9 (solid line), together with the open loop transfer func-
tion G, (s) (dotted line). The amplitude of G,;.(s) in the low frequency range is
much lower than the amplitude of G, (s), as the vector control loop is able to sup-
press the grid disturbance with a frequency lower than the crossover frequency of the
control loop. However, as in the large-scale DFIG wind power system, the switch-
ing frequency is limited, the crossover frequency of the inner loop is also limited to
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Figure 6.10 Rotor negative fifth and positive seventh harmonic current (the same line)
relative to the grid harmonic voltage.

hundreds of Hz, in this case, it is 300 Hz. Consequently, the suppression effect of the
vector control loop on the grid disturbance larger than 300 Hz is limited, as shown
in Figure 6.9. The amplitude of G,;,,(s) and G,,.(s) are about the same above 300
Hz. On the other hand, the most common harmonic voltage disturbance is negative
5th and positive 7th-order harmonic voltage, which is with a frequency of 300 Hz
in the dq reference frame, as well as the 11th and 13th, which is with a frequency
of 600 Hz in the dq reference frame. The suppression effect of the vector control is
rather limited, the grid harmonic voltage disturbance may introduce large harmonic
rotor current with the same frequency in dg reference frame. The negative fifth and
the positive seventh harmonic current related to the grid harmonic voltage in the 1.5
MW DFIG WPS is shown in Figure 6.10. About 5% negative fifth-order grid har-
monic voltage will introduce nearly 6% rotor harmonic current, with the rated power
output, while 5% positive seventh-order harmonic voltage may introduce about 4%
positive seventh-order rotor harmonic current, with the rated power output.

It should be noticed the negative fifth and the positive seventh order is referred
to the grid or synchronous frequency in the dg reference frame, as the frequency of
the rotor current varies from 15 to — 15 Hz with the slip frequency, the negative fifth-
order rotor harmonic current does not have any frequency which is five times of the
rotor fundamental frequency [12].

6.3.3 Influence on Stator Current

-

Similar to the stator current, if the rotor current i, in (6.35) is eliminated, the stator

rdq
current i, can be expressed as (6.40).
- Lm GPI (S)prmGp(S) “ref
lsdq(s) =

- 1 N
LS 1+ GPI(S)KmeGp(s) rdg

G (9)/Ls = Gy(8)Gp(9)K G () [ Ly — G ()G ()G ()L, [ L
* T+ Gp)K, G (5) Vsdg(S)
(6.40)
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Figure 6.11 The amplitude of transfer function G, (s) and G, (s).
Also, defining
iwg L, Gpr)KymGy(s)
Giyls) = d = = T (6.41)
l:;’; LS 1+ GPI(S)KmeGp(S)

to obtain the transfer function from the rotor current reference to the stator current,
and
isdq
—ref
sdq

_Gi® [Ls + G1(9)Gp()K G (8) [ L + G ()G()G ()L, [ L
B 1+ Gp()K G ()

Gvis (S ) =

(6.42)

to be the transfer function from the grid voltage disturbance to the stator current,
(6.40) can be represented as

Tg($) = G () + Gy ()0 (5) (6.43)

The stator current is also related to the current reference ZZf (s) and the grid
voltage disturbance 17;3;(5‘). The inﬂuegce of the grid voltage disturbance V:Jf (s) with
different frequency of the rotor current i _, (s) can be described by the transfer function
G,;5(s). The smaller amplitude of G,;,(s) indicates lighter influence of the grid volt-
age disturbance on the stator current. The amplitude of the transfer function G ()
and G,;,,(s) with different frequencies are shown in Figure 6.11. Similar with that
for rotor harmonic current, the amplitude of G, ;,(s) is smaller than the amplitude of
G ,i50(s) in low frequency range, as the vector control loop is able to suppress the influ-
ence of the grid voltage disturbance on the stator current. However, for grid negative
5th and positive 7th harmonic, as well as 11th and 13th harmonics, as their frequency
is higher than the crossover frequency of the inner loop, the suppression effect is
rather weak. The amplitude of G,;,(s) and G, (s) are about the same for the negative
5th and positive 7th, as well as 11th and 13th harmonic voltage frequencies. So, the
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Figure 6.12  Stator negative fifth harmonic current relative to the grid harmonic voltage.

harmonic grid voltage may introduce relatively larger corresponding harmonic sta-
tor current. Taking negative fifth-order harmonic as an example, the stator harmonic
current related to the grid harmonic voltage is shown in Figure 6.12, when the DFIG
is generating the rated active power. It can be found that 5% negative fifth-order grid
harmonic voltage will introduce more than 5% stator harmonic current, and this is
the best situation as the fundamental stator current reaches the maximum value. The
harmonic component may increase if the DFIG is not working at full load [13].

6.3.4 Influence on Active and Reactive Powers

With the stator harmonic current, the active power P, and reactive power Q, can
be derived using the same method as shown in (6.13)—(6.16). Assuming only one
frequency component exists in the grid voltage, in this case, the stator active power
P, and reactive power Q, can be derived as shown in (6.44) and (6.45).

P, = Py + Py ooen cOS(hwgt) + Py o sin(ho,t) (6.44)
Qs = QSO + Qs cosh COS(ha)xl) + Qs sinh Sin(hwst) (645)

where Py, O,y are the DC components in the active and reactive power outputs,
respectively. Py osh> Pssinh> Qs cosh» P sinn are the AC fluctuations components in the
stator active and reactive power outputs, respectively. They can be expressed as

[ Py ] Vsdo  Vsq0  Vsdn  Vsqh
Qs() Vsq0 ~Vsdo Vsqh —Vsdh i sd0
Pcosn | | Ysan Vs Va0 Vsqo | |isgo (6.46)
P sinh Vsgh ~ “Vsdh  TVsq0  Vsdo lf‘dh
Qs cosh Vsqh ~Vsdn Vsq0 ~Vsdo o
_Qs sinh | | ~Vsdh  "Vsqh  Vsdo Vsq0 |

where v, V440 are the fundamental components in d-axis and g-axis stator volt-
age (grid voltage), respectively, iy, iy, are the fundamental components in d-axis
and g-axis stator current, respectively. vy, Vs Lggps Lsgn are the hth-order harmonic
components in d-axis and g-axis stator voltage and current, respectively.
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If more than one frequency harmonic components exist in the grid voltage, the
situations will be much more complex. Assuming /;-order and h,-order harmonic
voltages (Vsdth and Vsdqhz, respectively) exist at the same time in the stator voltage,
the stator voltage in dg reference frame Yz’sdq can be expressed as

S o S i ~Dagt | = i(hy—Dogt
Vidg = Vsdgo + Vsagn, @ ost Vsdgh, @27V (6.47)

The h;-order and h2 -order harmonic voltages will introduce corresponding sta-

tor harmonic currents (i sdqh, and Idqn,» Tespectively), and the stator current lrdq can
be expressed as

z = 2 it Doyt | 3 (=Dt

lsdq - lsqu + lsdth el( 1=De, + lsdqhzel( e (648)
as the apparent power in the stator side can be expressed as (6.49).

o

Ss - vsdqlsdq
= (3 3 j(hy =Dt 4 3 j(hy— Dot
- (Vsdq() + Vsdthe] T deqhze] 27 >
X <7jdq0 e +7jdqhze_j(h2_l)%[> (6.49)

The stator active power P and the reactive power Q, can be expressed as
P, =Re (S,)
=Re [ﬂdq();jdqo + vsdqhﬁ;kdth + vsalqhz;fazqhz]
+Re [ quoz o hle_’(h'_l)a’sl + Vsdgn, bdqoe’(h'_l)w ’]

j(hy—1eogt

j(hy— gt
+Re [ sdqolsd n2€ K eJ( 2o ]

o 2
T Vsdghytsaqo

= T hy—1=hy+ Dt j(=hy+1+hy—Dagt
+Re [Vquhllsdthe]( IV L o rdthe]( i he, ] (6.50)

Qs =1Im (SS)
_ - = T v 7
= Im [Vquolsqu + Vsdth lsdth + vsdqhz lsdth]

S T —j(hy =Dyt j(hy—1awgt
+Im [deqolsdthe vt Vquhl sque/ '

= W jlh-Doyg i(hy= Doyt
+Im [Vquolsdthe Ct VSdt]hz sdg0€

(U~ 1=yt Dt e IR

o %
+Im[ Vsdgh, ! dthej * Vsdghy Lsdgh1

There will be three harmonic components in the active and reactive power out-
puts in this case. The (h; — 1) order is introduced by the fundamental and &-order
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harmonic components; the (h, — 1) order is introduced by the fundamental and 4,-

order harmonic components, and the additional (f; — 1 — [k, — 1]) order is introduced
by the h;-order and A,-order harmonic components [14-15].

6.3.5 Influence on Electromagnetic Torque

The electromagnetic torque of the DFIG will also be influenced by the grid harmonic
voltage and the stator and rotor harmonic currents. If h-order harmonic components
exist in stator voltage and current, the electromagnetic torque can be expressed as

3 -2
Tem = znpRe (JWquljdq)

3 Y;sa' 0 de h iph— - 24 —ith—
= 24 Re q + _qe)(h Dagt i +7 e j(h—Dw,t
2P Wy ho ’ sdq0 sdqh
s S,

= TemO + Temh (652)

There will be two frequency components in the electromagnetic torque of the
DFIG in this case: the DC components 7,,,, and the AC fluctuation components 7,,,,;,,
as shown in (6.53) and (6.54). The AC fluctuation in the electromagnetic torque is
always to be avoided, as it will influence the reliability of the mechanical system, for
DFIG WPS, especially the gearbox.

3 Y’;squ 2 T;xdqh i
To = EnpRe Eago + o Lsdgh (6.53)
Wy Wy

3 T/:squ—:,k —i(h— T;sa' h=, i(h—
—— -j(h—1)wgt ANy (h—Dwyt
Temh - ) pRe< w, lxdqhe + hw_s lsdq()e] (6.54)

If more than one frequency harmonic components exist in the stator voltage
(grid voltage), for example, the /;-order and &,-order harmonic voltage exist at the
same time in the grid voltage, the electromagnetic torque fluctuation will contains
(h;— 1)-order components, (h,— 1)-order components, as well as the (h;— 1 —h, — 1)
components, similar to that for active and reactive powers.

6.3.6 Influence on DC-Bus Voltage

It has been discussed in Section 6.2.4 that the fluctuation in the DC bus is determined
by the active power from both the GSC side and the RSC side, as shown in Figure
6.4 and equation (6.24).

Assuming h-order grid harmonic voltage exists, for the RSC side, as the sup-
pression effect of the vector control loop on the grid harmonic voltage distortion is
limited, it can be assumed that the rotor voltage does not contain harmonic compo-

nents; in this case, the rotor voltage v,,, can be represented as

vrdq = T;rqu (6.55)
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where V4,0 = V,40 +jv,40 are the fundamental components of the rotor voltage in dg
reference frame. The rotor current i, dq contains fundamental components i , - and

40
irdqh, as shown in (6.56).

s s s ihe.t
lrdq = lrdqo + lrdqoel ©s (656)

So, the rotor-side active power P, can be represented as (6.57).

-

3 o % 3 - % % _jhou
P, = ERe (Vrdq’rdq> = ERC [Vrdqo (lm,qo F L€ >]

3 T 3 Tk ih
I by ; ) by ; —Jhagt
= 2Re <Vrdq0’rdq0> + 2Re (vrdqolrdqhe s )

=Py+P, 6.57)

The rotor active power will contain the DC-steady component P, and the fluc-
tuation component P,;, with a frequency of hf,. If the power loss in the switches is
neglected, P, is the h-order fluctuation component from the DC bus to the RSC.
Then, with (6.24), the active power fluctuation in the DC bus can be found as (6.58).

3 -7 3 - —j
P = Paen = Py = ERe (volghe Jhwst) - ERe (v,dqolquhe Jhwst) (6.58)

Consequently, the DC-bus voltage fluctuation can be found by (6.25) and
(6.26). The h-order fluctuations will be introduced on the DC-bus voltage, by the
influence on both the GSC side and the RSC side [16].

6.3.7 Example of a 1.5 MW DFIG WPS

Simulation on a 1.5 MW DFIG WPS is given as an example, the parameters of the
DFIG has been given in Chapter 5. The grid voltage contains 5% negative fifth-order
harmonic and 5% positive seventh-order harmonic. The DFIG is working with rated
active power under a rotor speed of 1800 rpm (1.2 pu). The grid voltage, rotor cur-
rent, stator current, the active and reactive powers of the WPS, as well as the electro-
magnetic torque of the DFIG under distorted grid is shown in Figure 6.13. It can be
found that the rotor current and stator current is heavily distorted under grid voltage
harmonics; the FFT analysis in Figure 6.14 shows that 5% negative fifth-order har-
monic voltage introduced more than 5% negative fifth-order harmonic GSC current,
while 5% positive seventh-order harmonic voltage introduced about 4% positive sev-
enth harmonic GSC current, which makes the THD of the GSC grid current reache
6.80%, and it cannot meet most of the related grid codes. The rotor current also con-
tains the corresponding harmonic component. The grid harmonic voltage also intro-
duced sixth-order fluctuations on the stator active power, reactive power, as well as
the electromagnetic torque. The simulation results are able to verify the analysis in
this section.
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Figure 6.13  Simulation of DFIG under distorted grid voltage containing 5% negative
fifth-order harmonic and 5% positive seventh-order harmonic.



6.3 INFLUENCE ON DFIG AND RsC 161

Fundamental (50 Hz) = 0.9506 , THD = 6.80%

Mag. (% of fundamental)
w
T
1

1L J

O_M-ll—-xli AR 1

0 2 4 6 8 10 12 14 16 18 20
Harmonic order

Figure 6.14 FFT analysis of the stator current.

The test results of the steady-state performance of the reduced-scale 30 kW
DFIG WPS under harmonic distorted grid voltage is shown in Figure 6.15. The DFIG
operatingat a sub-synchronous rotor speed of 1200 rpm, the grid voltage, stator cur-
rent, rotor current of one phase, as well as the electronic torque fluctuation is shown
in Figure 6.15. The grid voltage contains about 1% negative fifth-order harmonic and
1% positive seventh-order harmonic voltage. It can be found that the rotor current

\J/Grld voltage (500 V/chvw\/\ \/\/\_/
Stator current (50 A/djv) ~

Rotor current (40 A/div)
~a
Electromagnetic torque fluctuation (0.5 PU/div)
et gl AL s chi |
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Figure 6.15 The test result of a 30kW DFIG WPS under the harmonic distorted grid.
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and stator current are heavily distorted. When the output power is 0.5 pu (15 kW),
the negative fifth- and positive seventh-order harmonic current and the THD of sta-
tor current are decreased from 9.10%, 4.45%, and 10.79%, respectively. When the
output active power is 0.8 pu (24 kW), the negative fifth- and positive seventh-order
harmonic current and the THD of stator current are decreased from 4.12%, 2.68%,
and 5.41%, respectively. The AC fluctuations on the electromagnetic torque are also
introduced. The test results are able to verify the analysis in this section.

6.4 DISCUSSION ON DIFFERENT
CONTROLLER PARAMETERS

It has been concluded in Sections 6.2 and 6.3 that the suppression effect of the vector
control loop on the influence of the grid harmonic voltage disturbance is limited in
a large-scale DFIG WPS. The main reason for this limitation is that the bandwidth
of the current loop is lower than the harmonic frequency. As a result, different con-
troller parameters will lead to different controller bandwidth and may influence the
performance of the DFIG WPS under harmonic distorted grid voltage [17].

Take the RSC and DFIG as an example. The transfer function G, ;(s) in (6.42)
represents the influence of the grid voltage disturbance on the stator current in the dg
reference frame. In the 1.5 MW DFIG WPS, the magnitudes of G,;,(s) with different
controller bandwidths, together with the open loop control are shown in Figure 6.16.
It can be concluded that basically, at the frequency of 300 Hz, which corresponds to
the negative fifth and positive seventh harmonic voltages in the dq reference frame;
the magnitude of G,;(s) is decreased with the increase of the bandwidth, as higher
bandwidth provides better suppression effect on the grid harmonic voltage [18-19].
However, the difference is not so obvious. When the bandwidth is increased from 100
to 500 Hz, the magnitude of G ,(s) decreased about 2 dB.

If the grid voltage contains 5% negative fifth- and positive seventh-order har-
monics, the corresponding stator harmonic current with different controller param-
eters k,,; are shown in Figure 6.17, and the electromagnetic torque fluctuations with
different controller parameters is shown in Figure 6.18, for the 1.5 MW DFIG WPS

with rated power output. k,; = 0.28, k,; = 0.85, and k,; = 1.4 is corresponding to
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Figure 6.17  Corresponding stator harmonic current with different controller parameters k,,;.

bandwidths of 100, 300, and 500 Hz, respectively. In this case, when the controller
bandwidth is increased from 100 to 500 Hz, the fifth-order stator harmonic current
is decreased from about 0.07 to 0.05 pu, while the seventh-order harmonic current
is decreased from about 0.06 pu to about 0.03 pu, respectively. The electromagnetic
torque fluctuations introduced by fifth-order voltage harmonics is decreased from
about 0.07 pu to about 0.04 pu, while the electromagnetic torque fluctuations intro-
duced by seventh-order harmonic voltage is decreased from about 0.06 pu to about
0.04 pu, respectively.

As the switching frequency is only 2000 Hz in this case, the bandwidth of the
controlled system is limited, 500 Hz has already been a relatively high value. How-
ever, it can be found the stator harmonic current is also large with the 500 Hz con-
troller parameters, as well as the electromagnetic torque fluctuations.

6.5 DISCUSSION ON DIFFERENT POWER SCALES

For different power-scale DFIGs, the different influences of the grid harmonic voltage
disturbance on the stator, rotor current, as well as the GSC grid current and electro-
magnetic torque may be caused by two reasons:

* The larger-scale DFIG normally has smaller stator and rotor resistances and
sometimes smaller leakage inductance. Also, for the GSC, the grid inductance
for the larger-scale DFIG WPS is also smaller. It can be found from (6.5),
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o5 01
g5
g5
§8 005 s
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Figure 6.18  Electromagnetic torque fluctuations with different controller parameters k,,,.
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(6.38), and (6.42) that the smaller inductance and resistance will make the cor-
responding transfer function from the grid harmonic voltage disturbance to the
GSC grid current, rotor current, and stator current larger. So, the influence of
the grid harmonic voltage disturbance on the performance of the DFIG is more
obvious in larger-power-scale DFIG WPS.

* The switching frequency of the GSC and RSC is normally decreased with an
increase of the power scale, as the switching loss must be limited. For MW
rated DFIGs, the switching frequency of the GSC and RSC is normally only
a few kHz, while more than 10 kHz is reasonable for kW rated DFIG. As the
controller parameters need to ensure that the crossover frequency of the inner
loop is kept at about 1/5 to 1/10 of the switching frequency, the bandwidth
of the control loop for the large-scale DFIG is also limited. As discussed in
the last section, the influence of the grid harmonic voltage disturbance on the
performance of the DFIG is more obvious in a larger power-scale DFIG WPS,
as the bandwidth of the control loop is limited [20].

6.6 SUMMARY

In this chapter, the performance of the DFIG wind power system under harmonic
distorted grid is analyzed. The grid harmonic voltage will have an influence on the
GSC current, stator current, rotor current, DC-bus voltage, active/reactive power, as
well as the electromagnetic torque fluctuations of the DFIG. The mathematic model
for the influence of grid harmonic voltage disturbance on the GSC current, stator
current, rotor current, DC-bus voltage, active/reactive power, as well as the electro-
magnetic torque fluctuations of the DFIG, is established. The analysis indicates that
as the bandwidth of the control loop is limited, the vector control used in the GSC and
RSC has a limited suppression effect on the influence of the grid harmonic voltage
disturbance. The corresponding harmonic current, DC-bus fluctuations, and electro-
magnetic torque fluctuations will still be introduced under grid harmonic disturbance.
The increase of the bandwidth may lead to a smaller influence of the grid harmonic
voltage distortions, but the effect is still limited as the bandwidth should be limited
between about 1/5 to 1/10 of the switching frequency in order to ensure the stability
of the system.

As the performance of the DFIG with normal vector control cannot meet the
grid codes related to the power quality, harmonic suppression control strategies must
be implied so that the DFIG WPS is able to operate normally under distorted grid
voltage. This part will be presented in Chapters 7 and 8.
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CHAPTER /.

MULTIPLE-LOOP CONTROL OF
DFIG UNDER DISTORTED
GRID VOLTAGE

In this chapter, a harmonic suppression control strategy based on multiple-loop con-
trol is introduced. The current is transferred to dq reference frames rotating at the har-
monic angular speed, so the harmonic currents are DC components in these frames. In
such cases, they can be controlled as DC variables using PI controllers, and a much
higher controller gain can be achieved for the harmonic components. This control
strategy can be used both on the GSC side and on the RSC side. Also by choosing
different harmonic current references, different control targets can also be achieved.
If more than one frequency of harmonic components exists in the grid voltage dis-
turbance, more than one harmonic current loop needs to be added into the control
scheme. All these control schemes also work together with the fundamental control
loop, to ensure they are not disturbed by each other; the design of the controller pa-
rameters is introduced, as well as the influence of the harmonic current loop on the
fundamental current loop is evaluated. Simulation and test results are given to demon-
strate the effectiveness of the control strategy.

7.1 INTRODUCTION

The analysis in the last chapter indicates that in large power scale DFIG WPS, the
suppression effect on the grid harmonic disturbance of the control loop is limited due
to the limited bandwidth of the control loop restricted by the switching frequency
[1]. The corresponding harmonic current, active/reactive power fluctuations, as well
as the DC-bus voltage and torque fluctuations, will be introduced under harmonic dis-
torted grid voltages, which may cause the DFIG WPS to fail to meet the related grid
codes, and may also influence the reliability of the system [2]. As a result, harmonic
suppression strategy needs to be included to ensure the operation of the DFIG under
harmonic distorted grid voltage. In this chapter, a harmonic suppression control strat-
egy based on multiple-loop control is introduced. The current is transferred to the dg

Advanced Control of Doubly Fed Induction Generator for Wind Power Systems, First Edition.
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reference frames rotating at the harmonic angular speed, so that the harmonic currents
are DC components in the dg reference frames. In this case, they can be controlled
as DC variables using PI controllers, thereby a much higher controller gain can be
achieved for the harmonic components. This control strategy can be used on both the
GSC side and the RSC side, by choosing different harmonic current references, and
different control target can be achieved [3, 4].

If more than one frequency of harmonic components exists in the grid voltage
disturbance, more than one harmonic current loops needs to be added to the control
scheme. And all these control schemes work together with the fundamental control
loop. To ensure they are not interrupted by each other, the design of the controller
parameters is introduced as well in this chapter, and the influence of the harmonic
current loop on the fundamental current loop is evaluated. Simulation and test results
are given to prove the effectiveness of the control strategy [5].

7.2 GSC CONTROL

7.2.1 Control Target

The former analysis indicated that the grid harmonic voltage distortion will introduce
GSC grid harmonic current, active/reactive power fluctuations, as well as DC-bus
voltage fluctuations. An ideal thought is to suppress them all so that the GSC could
operate in the same way as under ideal grid voltage conditions. However, this may
not always be the case even in theory [6].

For example, under grid harmonic voltages, if the GSC grid harmonic current

-

is controlled to be zero, then the GSC grid current odq

contain fundamental components, as shown in (7.1).

in dq reference frame will only

- -

igdq = igdqo (71)

However, as the grid voltage T/'gdq still contains harmonic components, like
given as
- _ = - ih vl
ngq = ngqo + ngqhe] s (72)
The output active P, and reactive power Q, can then be found as in (7.3) and
(7.4).

3 o % 3 - - a1\
= —_ = J! (USI sk
Pg 2Re (ngqlgdq> = 2Re [(ngqO + Veagne ) lgdqo]

3 S 3 - % ot
_ERC (ngqolgdq0> - ERe (ngqh’gdqoe] s )

= Pyo + Pyginn SINhart) + Py o

, cos(hw, ) (7.3)

g sinl
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3 o 3 R o oot \
Qg = —EIm <v8d(1lgdq> = —zlm [(ngqo + ngqhel wf[) lgdq0:|

-

3 -2 3 -2 ~
—EIm <ngq()l;dq0> bl EIm <ngth2dq0€]hth>

= QgO + Qg sinh Sin(hwst) + Qg cosh COS(hCOSl‘) (74)

The hth-order AC fluctuation component still exists in the active and reactive
power outputs, even when the GSC grid harmonic current is controlled to be zero, as
shown in (7.5).

P gcosh = nghigd() + nghiqu
P gsinh = vgqhigd() ~ Vedn iqu
Qg cosh = nghing ~ Vedn iqu
Qg sinh = _nghigdo - vgqhigq() (7.5)

The AC fluctuation components in the active and reactive power outputs can
still be introduced by the fundamental GSC grid current and the grid harmonic volt-
ages. Nevertheless, compared to (6.16), the AC fluctuation components in the active
and reactive power outputs are still suppressed, compared to the situation when only
using conventional vector control.

With respect to the DC-bus voltage fluctuation, if the GSC grid harmonic cur-
rent is controlled to be zero, it can be concluded from (6.17) that the Ath-order har-
monic output voltage of the GSC quh is the same as the hth-order grid harmonic
voltage Vo,

T;dqh = ?gdqh (76)

So, if the power loss in the switching devices is neglected, the active power P,,.
from the DC bus can be derived from (6.22), as expressed in

3 - - et 3 - - —ihew.t
PdC = ERC [(quo + quhel @s ) l;gkdq()] = ERe (quol;dqo + vdth;dqoe Iy )
= Paco + Pen (1.7)

Also, there are still AC fluctuation components P, which exist in the active
power from the DC bus P, even when the GSC grid harmonic current is controlled
to be zero, and the corresponding DC-bus voltage fluctuation will still be seen.

On the other hand, if the AC fluctuation components in active power output is
controlled to be zero, when it goes back to Chapter 6, it means that the P, .., and
Py ginn terms in (6.16) are controlled to be zero, which means

Pg cosh = vgdhigd() + nghlqu + vgdolgdh + vquigqh =0

Pg sinh = nghigd() - nghiqu - vquigdh + ngOigqh =0 (7.8)
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Then the GSC harmonic grid currents in the dq reference frame iy, and iy,
can be derived as

; _ VedhVgq0 + nghvgdol, VeqhVgqd — nghvgd()i
gdh — 2 2 'gd0 2 2 'gq0
ngo + ngo ngO + vgqo
. VednVgd0 T VeqhVgqo VeqhVed0 + VednVgq . 79
lgqh - P gd0 P lqu ( . )

2 2
ngo + ngo ngo +ng0

So, if the AC fluctuation components in the active power output are controlled
to be zero, there will exist GSC harmonic grid current. The same conclusion can
also be drawn for the reactive power fluctuations. If the reactive power fluctuations
are controlled to be zero, there will exist GSC harmonic grid current. For the DC-bus
voltage fluctuation, as it is also related to the active power from the RSC side, the case
is more complicated. However, if the AC fluctuation components P, in the active
power from the DC bus is controlled to be zero, the GSC harmonic grid current also
exists.

Consequently, there are four control targets for the GSC under grid harmonic
voltages, which are [7, 8]:

Target 1: Control the GSC grid harmonic current to be zero.

Target 2: Control the AC fluctuation components in the active power output to
be zero.

Target 3: Control the AC fluctuation components in the reactive power output
to be zero.

Target 4: Control the AC fluctuation components in the DC-bus voltage to be
Zero.

Only Targets 2 and 4 can be achieved at the same time, while the other targets
have a mutual exclusion and the decision must be made on which target is going to
be achieved before starting the design the control scheme [9].

In this book, as the power quality of the GSC is mainly determined by the
THD of the GSC grid current, fulfilling Target 1 has a better effect in increasing the
power quality of the GSC. Also, when there are more than one frequency harmonic
components existing in the grid voltage, the GSC harmonic grid currents in dq ref-
erence frame i,q, and i,,, becomes much more complicated than (7.9), if Targets
2—4 are selected. So, control Targets 2—4 are not easy to realize in practical applica-
tions. As a result, Target 1 is selected to ensure the good power quality of the GSC,
which means the control target is to suppress the GSC grid harmonic current to be
zero [10].

7.2.2 Control Scheme

For conventional vector control, the grid harmonic voltages are the AC disturbance
components with frequency higher than the crossover frequency of the control loop,
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so that they cannot be controlled with good performance because of the limited con-
troller gain. If the harmonic components can also be controlled as DC components,
high-performance control can also be achieved by a PI controller for the harmonic
components. The hth-order Park transform can transfer the Ath-order harmonic com-
ponents into DC components, and it is introduced as

sin (hwst) sin (hwst - 2”> sin <hwsf + %7;> X

X4 2 3 3 a
=3 ) > | a0

cos (hwgt)  cos (ha)st - §ﬂ'> cos (ha)st + §”) Xe

Xq

The hth-order Park transfer matrix T, is defined as

sin (hogt)  sin <hcost - %n) sin <hwst + 277)
T, = 3 5 5 (7.11)
cos (hwst) cos (hwst - gﬂ') cos (hwst + 57‘[)

With the hth-order Park transform, the three-phase Ath-order components can
be transferred to DC component in the hth-order dqg reference frame, as this frame is
rotating with an angular speed of hw,, which is & times the synchronous speed. The
fundamental components will be transferred to (& — 1)-order components in this Ath-
order dq reference frame. Practically when & = 1, this is the synchronous dq reference
frame.

After the hth order, harmonic components have been transferred to the DC com-
ponents, it can be controlled with a PI controller. If there are more than one harmonic
component, each of the harmonic components can be controlled in the control loop
based on an individual dg reference frame. It is therefore called multiple-loop con-
trol. The multiple-loop control scheme of the GSC under grid harmonic voltage dis-
turbance is shown in Figure 7.1, where the negative fifth- and positive seventh-order
GSC harmonic grid currents are suppressed.

The fifth- and seventh-order GSC grid harmonic currents _l:gdq5 and 7gdq

extracted from the GSC grid current iy,,. The i 4, is directly measured and trans-
ferred in negative fifth- and positive seventh-order dg reference frames, where the
negative fifth and positive seventh harmonic components are DC components, while
the fundamental component in the GSC grid current has a frequency of 6f;. The low
pass filter (LPF) with the cross frequency of about f; is used to separate fifth and sev-
enth harmonic components in GSC grid current. After the LPF, the fifth and seventh

- are

harmonic components _z:gqu and 7gdq7 can be extracted as DC components in fifth and
seventh dq reference frames.

As Target 1 is selected to minimize the GSC harmonic grid current, the current
references for the fifth and seventh GSC harmonic current are set to zero. The PI
controller is used in the negative fifth and positive seventh dg reference frames to
control the fifth and seventh GSC grid harmonic currents -l:gdqﬁ and ;gd(ﬂ, which are
already transferred to DC components, to be zero, respectively. The outputs of the

PI controllers are then transferred back to the synchronous dg reference frame, and
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Figure 7.1 Multiple-loop control scheme of the GSC under grid harmonic voltage
disturbance.
to be the fifth and seventh harmonic output voltage commands v:g, " and v;e{, v‘r;{.

The fundamental control loop is the same as the conventional vector control loop
introduced in Chapter 5. The output voltage commands from the fundamental control
" " are added to the fifth and seventh harmonic output voltage commands

d0’ "¢0
ref ref and vref ref f ;ef ]

45 7V , and the sum of them is final output voltage commands v,
They are transferred back to abc reference frames and the drive signals are generated
by the SPWM modulation, as illustrated in Figure 7.1.

If the harmonic components in the GSC grid current with other frequencies
need to be suppressed, other control loops can be added in parallel connection to the
control loops as shown in Figure 7.1. However, the most commonly seen low-order
harmonic voltage in the power grid is the 5th and 7th order, as well as the 11th and the
13th harmonic grid voltages, so the suppression control loops for those components

may be used more often in practice.

loop v

1%

7.2.3 System Model with Harmonic Suppression Loop

It has been introduced in Chapter 6 that the model of the GSC in the dq reference
frame can be expressed in s-domain as shown in (7.12).

(Ls + R)iggy + Vg _v’ef (7.12)
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Figure 7.2 Simplified model of the GSC with multiple-loop control.
If the conventional vector control is used, the output voltage of the GSC 7:;;
can be found as

. . “ref
;e; Zgo KpumGpii(s) (i < ge;q ’gdq) (7.13)

When the fifth harmonic suppression control loop is used, the output voltage

of the GSC Vr is the sum of v;efo, ref . The output voltage command of the fifth-

f is coming from another reference frame, which may make

the mathematical expressmn more complicated. The simplified model of the GSC in

dq reference frame with multiple-loop control is shown in Figure 7.2. The transfer

matrix from the dq reference frame to the negative fifth-order dg reference frame in
the time domain 7|,_s can be expressed in complex form as

order harmomc loop v v,

Ty_g = /6001 (7.14)

The corresponding transfer matrix from the fifth-order dg reference frame to
the synchronous dq reference frame T5_ can be expressed as

Ts_o = /O (7.15)

The GSC grid current in the synchronous dq reference frame 7 edq 18 transferred
to the negative fifth-order dq reference frame; assuming the GSC grid current in the

negative fifth-order dg reference frame is i _T ) , it can be derived as
7S = '”(5) (6, )t
p dq(t) (t)e/ (7.16)

Transfer to the s-domain gives

After the LPF, the fifth-order grid harmonic current i _T ) 5 can be extracted, as
shown in (7.18).

) (s) = *(5> o (ILPF(s) = i

Ledg (s +j6w,)LPF (s) (7.18)

gdq
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where LPF(s) is the transfer function of the LPF. If a second-order Butterworth LPF
is used, it can be expressed as LPF(s) = o, / 5%+ \/Eswc + 2. As the fundamental
component has a frequency of 6f; in the negative fifth-order dqg reference frame, the

cutoff frequency w,. /27 is chosen to be 50 Hz. After the PI controller, the output volt-
age reference of the fifth-order harmonic loop in the negative fifth-order dq reference

frame v v, ik (5)(s) can be expressed as

V() = =Gis(9)gse () = ~lgaq(s + j6@ILPF(5)Gyis(s)  (7.19)

where G;5(s) = k5 + kj5 / s is the transfer function of the PI controller in the har-

sref (5)

monic current loop. Then, v 45

ence frame, as shown in

needs to be transferred to the synchronous dg refer-

5ef (5) —»ref(S) (6o, )t
T (1) = Vs (1 (7.20)

In the s-domain, the output voltage reference of the fifth-order harmonic loop

ref (5)

in synchronous the dg reference frame v g5

(s) can be represented as

_>ref(5)( V=L [~ref<5)(t)] I [*’ef (5)(r)e’<"“’s)’]

sref (5 . = . . . .
= ;Zfs( )(s = Jjowy) = —ig4,(s — jow, + jOw)LPF (s — j6)G 5(s — jow,)
= gdq(s)LPF (s — j6a)S)Gpi5(s — j6w,) (7.21)

Together with (7.12) and (7.13), the model of the GSC with harmonic suppres-
sion control in the s-domain can be written as

(Ls + R)igqy(5) + Vg, (5)
Ko Gy [0 [ 7 () z;{q(s)] — K LPF(5 — j60,)G i5(5 = j6,)iyg,(5)
(7.22)

So, the GSC current in the synchronous dqg reference frame can be expressed
as

K Gy »
() + LPF (s — jow,)G ,;5(s — jow,)] + Ls + R edg

(s)

7gdq(s) =

pwm[ pii
1

() + LPF(s — j6w,)G ,;5(s — jow,)] + Ls +

pwm[ pii Rggdq(s) (723)
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Figure 7.3 Magnitude frequency response of G,;(s) in synchronous dq reference frame.

7.2.4 Control Effect

It can be found that after the harmonic suppression loop is used, the transfer function
gVi(S) from the grid voltage disturbance ngq(s) to the GSC grid current lodq(s) can
ecome

Gyils) = — ! (7.24)

Kl Gpii(s) + LPF(s — jow,)G s5(s — jow)] + Ls + R

Compared to the situation in the conventional vector control in (6.5), this is
rewritten as (7.25)
1

G..(s) = — 7.25
vi($) Koy Gpii(s) + Ls + R (7.25)

Their magnitude in a 1.5 MW DFIG WPS with different frequencies are shown
in Figure 7.3. The frequency response of G,;(s) with the harmonic suppression loop
(solid line) and with normal vector control (dotted line) is almost the same, except
for a frequency range around 300 Hz, which corresponds to the fifth-order harmonic
components in the synchronous dqg reference frame. The magnitude of G ,(s) with
harmonic suppression loop is decreased dramatically around 300 Hz, which means
the influence of the grid harmonic distortion at the frequency of 300 Hz in the syn-
chronous dq reference frame on the GSC grid current will be greatly suppressed by
the harmonic control loop. And this 300 Hz frequency corresponds to the fifth-order
harmonic components.

7.2.5 Test Results

Test results on the 30 kW reduced-scale DFIG test platform are shown here to verify
the harmonic current suppression effect on the GSC grid current. The test platform
will be introduced in Chapter 14. The GSC grid current without and with the intro-
duced harmonic suppression control is shown in Figure 7.4. The DFIG is generating
about 0.5 pu active power under a rotor speed of 1200 rpm and the grid voltage con-
tains about 1% fifth-order harmonics. A fifth-order harmonic control loop is used for
the harmonic suppression control. Without this control loop, the GSC current is dis-
torted as shown in Figure 7.4a, and the FFT analysis shows that 4.7% fifth-order GSC
harmonic current is introduced. After the harmonic suppression control is used, the
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Figure 7.4 GSC grid current: (a) With conventional vector control and (b) with harmonic
suppression control.

GSC grid current becomes more sinusoidal, and the fifth-order GSC harmonic cur-
rent is reduced to about 1%, and the fifth-order GSC harmonic current is suppressed
by the multiple-loop harmonic suppression control strategy.

7.3 DFIG AND RSC CONTROL

7.3.1 Control Target

Similar to that of the GSC operation, the grid harmonic voltage disturbance will intro-
duce rotor harmonic current, stator harmonic current, active power/reactive power
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fluctuations, as well as torque fluctuations in the DFIG. Before designing the control
scheme, the control target needs to be defined first—as we cannot suppress the rotor
harmonic current, stator harmonic current, active power/reactive power fluctuations,
and electromagnetic torque fluctuations at the same time.

For example, assuming that Ath-order harmonic voltage exists in the grid volt-
age and the rotor harmonic current is suppressed to zero, meaning that only the fun-
damental components exist in the rotor harmonics. From (6.35), it can be derived that

= - 1 Ly~
zsdq(s) = Vsdq(S)Gl(s)L_ — L—mzrdq(s) (7.26)
m S
For the hth-order harmonic components, as the rotor harmonic current is sup-
pressed to zero, which means i,4,(jhw,) = i,4,, = 0, (7.26) can be rewritten as

2 - 1 1
Lsdgh = Vsdqh—(h + Djo I (7.27)
S m

It can be concluded that even the rotor harmonic current ?,dqh is suppressed to

zero, the stator harmonic current component ?quh will still exist, and it is proportional
to the grid harmonic voltage Vsdqh. Also, the active power and reactive power fluctu-
ations, as well as the electromagnetic torque fluctuations will be introduced in this
case, similar to the situation in the GSC.

If the hth-order stator harmonic current is controlled to be zero, which means
qu(/hw ) = igqqn = 01n (7.26), the rotor harmonic current lrdqh can be expressed as

irdqh = Y;sa'qh m i (7.28)
So, the rotor harmonic current Y,dqh still exists if the stator harmonic current is
controlled to be zero. A similar conclusion can also be drawn for the active/reactive
powers, as well as for the electromagnetic torque fluctuations—only one of these
fluctuations can be suppressed to zero in theory at the same time.
As a result, one of the following control targets must be selected [11, 12]:

Target 1: Control the rotor harmonic current to be zero.
Target 2: Control the stator harmonic current to be zero.

Target 3: Control the AC fluctuation components in the stator active power
output to be zero.

Target 4: Control the AC fluctuation components in the stator reactive power
output to be zero.

Target 5: Control the AC fluctuation components in the electromagnetic torque
fluctuations to be zero.

As for the DFIG WPS, the related grid code for power quality is mainly focused
on the THD of the output current, thus in this book, control Target 2 is selected, and
the control target is to control the stator harmonic current to be zero.
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Figure 7.5 DFIG harmonic suppression control based on rotor current multiple-loop
control.

7.3.2 Control Scheme

It has been introduced in Chapter 6 that the main problem of the conventional vector
control is that the bandwidth is limited so that the current loop cannot suppress all the
influences of the grid harmonic voltages on the stator harmonic current. This problem
can be solved using an extra control loop in hth-order dq reference frame to be in
parallel connection with the fundamental loop, which is similar to the GSC. The stator
harmonic current is selected to be suppressed. However, as introduced in Chapter 5,
the inner current loop of the RSC is the rotor current loop and the stator current is not
directly controlled in this current loop. So the corresponding rotor harmonic current
reference when the stator harmonic current is controlled to be zero can be calculated
from (7.28), as shown in (7.29).

“ref - 1 1

Ldah = Vsdgh 77 T 1vi 7 (7.29)
rdgh " (h+ Vjo, L,
As long as the rotor harmonic current is controlled to track the reference 7:3; 5 88

shown in (7.29), the stator harmonic current can be controlled to be zero. So, the con-
trol scheme can be designed as shown in Figure 7.5. The fifth- and seventh-order stator
harmonic currents are suppressed in this case, based on the rotor current multiple-

_i?ef is transferred to negative fifth- and positive

loop control. The rotor current
abc
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seventh-order dq reference frame, respectively, where the fifth- and seventh-order
rotor harmonic currents are DC components, and the fundamental components are
AC components with the frequency of 6f;. Note that the transfer angle from the rotor
ABC reference frame to the fifth and seventh dq reference frame should be —56, — 0,
and 76, — 0,, respectively. After the LPF, the fifth- and seventh-order rotor harmonic
currents i,4,5 and i,,,7, respectively, can be then extracted. The rotor harmonic current
references 7:;{15 and 7:3;7 are calculated from (7.29), and the rotor harmonic currents
7rdq5 and _i;dq7 are controlled to track the rotor harmonic current references 7:3; 5 and
7:3;7 so that the stator current can be controlled to be zero. PI controllers are used in
fifth- and seventh dg reference frame and the output of the PI controllers are trans-

ferred back to the synchronous dq reference frame, to be the rotor harmonic voltage
ref  ref ref e

rdg

references v ., v °c and v 4, v . They are added to the rotor voltage reference of
rd5’ " rg5 rd7’ " rq7
the fundamental loop V:Zj:), vZO, and then the rotor voltage references V:Z,f and vff]f are

derived. After the inverse Park transformation and the SVM modulation, the RSC is
driven to control the DFIG and suppress the harmonics.

By using the multiple-loop control, the harmonic components in the stator com-
ponents can be suppressed. However, in this control scheme, the rotor harmonic refer-
ence is calculated from grid voltage harmonic components ¥, using (7.29), and it is
also related to the mutual inductance of the DFIG L,,. When the DFIG is running, the
mutual inductance of the DFIG L,, may vary at different operation conditions, caus-
ing errors in the rotor harmonic reference, and this error cannot be compensated by
the control loop. Furthermore, the accuracy of the grid voltage harmonic components
Vaqn Will also influence the control system [13].

As the stator current is normally sampled in the DFIG WPS for the power con-
trol, another multiple-loop control scheme based on the stator current control is shown
in Figure 7.6. In this control scheme, the stator harmonic currents ?quS and 7sdq7 are

-

directly extracted from the sampled stator current i, , in the negative fifth and posi-

sdq>

-

tive seventh dg reference frame. As the stator current i ;, holds a linear relationship

sdq
with the rotor current qu, ?qu can be directly controlled to be zero by the PI con-
trollers in fifth and seventh dqg reference frames, as shown in Figure 7.6.

In this control scheme, the control reference does not need to be calculated
from the grid voltage and the DFIG parameters, so it should be more robust against
parameter changes compared to the control scheme shown in Figure 7.5. Also, in
this control scheme, the grid voltage harmonic components Vsdqh do not need to be
extracted, which makes the control scheme simpler. So, it will be a better choice
to suppress the stator harmonic current under distorted grid voltage. The following
analysis will be based on the control scheme shown in Figure 7.6.

7.3.3 System Model and Control Effect

With the control scheme shown in Figure 7.6, the model of the DFIG in the s-domain
can then be derived, as shown in Figure 7.7. With the same method introduced in
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Section 7.2.3, the rotor harmonic voltage references V;Z’; 5 and vr g7 can be found as
(7.30).

*:3;5 Gis(s + j6w,)LPF(s + j6c, )lsdq

vjfj; o = G (s — j6w,)LPF(s — j6w,)iyg, (7.30)
where G ,;5(s) = k,5 + k;s/s and G,;7(s) = k,7 + k;7 /s are the transfer functions of the

PI controllers in ﬁfth and seventh dq reference frame. LPF(s) is the transfer function
of the LPF, as introduced in Section 7.2.3. Then the rotor voltage v,;, can be derived
as (7.31).

rdq

- _ —ref —ref —ref
Vrdg = Kpuw < rqu + Vrqu + Vrdq7)

= KPMW[ p”(s) ( rdq irdq)

Gis(s + jow,)LPF (s + jow, )z

sdq pi7(s _j6ws)LPF(S ]6(0 )lqu]
(7.31)
By substituting (7.31) in (6.29), (6.31), and (6.32), the stator current zsdq of the

DFIG can be expressed as
Lm G (S) rej

isdq(s) L 1+—G() rdq( s)
L, [G(s) + Gpy(5)| G,(5)Gp(s) + G (s)
Ll OO0 ) s

where G,(s) = pmeP(s)[GP”(s) + ”‘LPF(s +j6w,)G ,5(s + jb6w,) + ’”LPF(s -
J6w)G,i7(s — jow,)] is the open-loop transfer function of the system, when the har-
monic suppression loop is considered. From (7.32), the transfer function from the
grid voltage disturbance to the stator current G,;,(s) can then be derived as

isag 1 Lm [G,(5) + Gpy(5)] G1()Gp(s) + G (5)
sref LS 1+ G,(s)
sdq

As introduced in Chapter 6, G,,;(s) can describe the influence of the grid har-
monic voltage disturbance on the stator current. The frequency response of the mag-
nitude of G,;,(s) with the harmonic suppression control loop, as shown in (7.33), and
with the conventional vector control, as shown in (6.42), as well as in the case with
open-loop control G,;,,(s), as expressed in (6.34), is shown in Figure 7.8. It can be
found that the frequency response of the G, (s) with harmonic suppression control
loop and with the conventional vector control are basically the same in the large fre-
quency range, except for the frequency range around 300 Hz, which is the frequency
of negative fifth and positive seventh harmonic components in the synchronous dg
reference frame. By applying the multiple-loop control scheme, large attenuation of
G,;(s) at the frequency of 300 Hz is introduced, and therefore the influence of the

Gvis(s)

(7.33)
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Figure 7.8 Frequency response of the transfer function from grid voltage disturbance to the
stator current.

negative fifth- and positive seventh-order grid harmonic voltage on the stator current
can be effectively suppressed.

7.3.4 Controller Design

After the harmonic suppression control loop is applied, the DFIG system becomes
a multiple input and multiple output system, which makes the controller design for
the harmonic loop much more complicated compared to that of a conventional vec-
tor control loop. However, as in the fundamental loop, the cross frequency is lim-
ited so that its control effect on the harmonic components is relatively small; on
the other hand, in the harmonic suppression loop, the fundamental components and
other harmonic components with different frequency has been filtered by the LPF.
So, an assumption can be made that the fundamental loop and the harmonic sup-
pression loop will not influence each other. Consequently, the controller parame-
ters in each of the harmonic loops can be designed separately, as a single-input
single-output system, with the same method used for the fundamental loop control
design.

Take the fifth-order harmonic suppression loop as an example. For the fifth-
order harmonic components, the dynamic model of the DFIG in the fifth-order dg
reference frame can be found as (7.34) and (7.35).

- = d . - =
Vsdg5 = Rslsqu + Ewsqu _]Swswxqu

-

> > d . . -
Vidgs5 = errqu + Ewrqu +J(_5ws - wr)Wsqu (7.34)

- -

WVsdgs = Lsisqu + Lmirdqi
Yidg5s = Lrirqu + Lmisa’qS (7.35)
By eliminating the rotor current fifth-order harmonic _l:rqu and the stator and

rotor flux linkage fifth-order harmonics 4,5 and W45, the relationship between the
rotor voltage fifth-order harmonic v,,,s and the stator current fifth-order harmonic
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Figure 7.9  Control loop scheme of the fifth-order harmonic loop.
7qu5 can be found as (7.36).

- Ler_.’ Ls -

Vidgs = _L_mlqus + gaLr[s + (—Sw, — a),)j]lwlq5

Sw;+w,) L, —jR
(o, + o) L T s (7.36)
Sw,L,, sdq

Note that the stator resistance R is neglected in (7.36). Then the transfer func-

tion from the rotor voltage v, ;.5 to the stator current i ,

g5 €0 be found as G, 5(s).

i
dq5 Lm 1
Gys(s) = = = === , (7.37)
3 Vidgs L R, +oL,[s+j(-50, — ®,)]

So, the control loop can be illustrated as shown in Figure 7.9 in the fifth-order
dq reference frame. The open-loop transfer function G,,,5(s) from the reference to
the feedback can then be derived as

Gr05(5) = G5 (SILPF(5)G5(5) (7.38)

rsoS

The parameters of the PI controller G,,;5(s) can be designed using Bode dia-
gram, which has been introduced already in Chapter 5. Nevertheless, for the har-
monic control loop, the crossover frequency is designed to only about 10 Hz in order
to ensure that the harmonic loop does not influence the performance of the funda-
mental loop. The low crossover frequency may lead to a poor dynamic response of
the harmonic loop, but for the harmonic loop, the steady-state performance is much
more important, and the slow dynamic response is acceptable [14].

The corresponding Bode diagrams in a 1.5 MW DFIG WPS can be found in
Figure 7.10. The PI controller parameters are designed to be k,5 =0.17 and k;5 =20,
the crossover frequency is about 11 Hz, and the phase margin is much larger than 45°.
The stability is ensured for the harmonic suppression loop.

7.3.5 Simulation and Test Results

Simulations based on MATLAB/SIMULINK are made to verify the stator harmonic
current multiple-loop control. A 1.5 MW DFIG is used, with parameters shown in
Table 4.1. The steady-state performances of stator harmonic current multiple-loop
control compared with vector control in the dq reference frame are shown in Figures
7.11 and 7.12. The DFIG was operating at a super-synchronous speed of 1800 rpm,
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Figure 7.10 Bode diagram of the harmonic control loop.
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(b)
Figure 7.11 Simulation results of the DFIG under distorted grid with 0.5 pu output active
power: (a) With conventional vector control and (b) with stator harmonic current
multiple-loop control.
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Figure 7.12  Simulation results of the DFIG under distorted grid with 1 pu output active
power: (a) With conventional vector control and (b) with stator harmonic current
multiple-loop control.

5% negative fifth-order and 5% positive seventh harmonics were injected into the
grid voltage. The fifth- and seventh-order stator harmonic currents and the THD of
the stator current were calculated using FFT and listed in Table 7.1. By using the
proposed stator harmonic current control, when the output power is 0.5 pu, the fifth-
and seventh-order harmonic current and the THD of stator current are decreased from
8.3%,6.1%, and 10.8% to 1.0%, 1.6%, and 4.3%, respectively. When the output active
power is 1.0 pu, the fifth- and seventh-order harmonic current and the THD of stator
current are decreased from 5.15%, 3.12%, and 6.77% to 0.38%, 0.27%, and 3.18%,
respectively. The fifth- and seventh-order stator harmonic current were suppressed
by the proposed control method and the stator current quality is still good under dis-
torted grid voltage. The electromagnetic torque fluctuation is also decreased after the
proposed control is applied [15].
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TABLE 7.1 Fifth- and seventh-order harmonic currents, the THD of stator current with
vector control, and proposed stator harmonic current control under a super-synchronous
speed of 1800 rpm

Stator current with

Stator current proposed stator

Grid voltage with vector control ~ harmonic current control
Output power (pu) 05 1.0 0.5 1.0 0.5 1.0
Fifth-order harmonic (%) 5 5 8.3 5.1 1.0 0.4
Seventh-order harmonic (%) 5 5 6.1 3.1 1.6 0.3
Total THD (%) 6.85 6.85 10.8 6.7 43 32

The test results of the steady-state performance of the DFIG with proposed
stator harmonic current control compared with vector control is shown in Figures
7.13 and 7.14, the 30 kW reduced-scale DFIG test system. The DFIG is operated at
the sub-synchronous rotor speed of 1200 rpm; the grid voltage, stator current, rotor
current of one phase, and electronic torque fluctuation is shown in Figures 7.13 and
7.14. The stator current harmonics and the THD of the stator current with proposed
stator harmonic current control are compared with the vector control. The stator cur-
rent harmonics and THD are measured by the power analyzer and listed in Table 7.2.
It can be found the stator negative fifth and positive seventh harmonic currents are
suppressed by the proposed control. By using the proposed stator harmonic current
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Figure 7.13  Test results of the DFIG under distorted grid with 0.5pu output active power: (a)
With conventional vector control and (b) with stator harmonic current multiple-loop control.
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Figure 7.14 Test results of the DFIG under distorted grid with 0.8 pu output active power:

(a) With conventional vector control and (b) with stator harmonic current multiple-loop
control.

control, when the output power is 0.5 pu (15 kW), the fifth- and seventh-order har-
monic currents and the THD of the stator current are decreased from 9.1%, 4.5%, and
10.8% to 1.2%, 0.2%, and 3.5%, respectively. When the output active power is 0.8 pu
(24 kW), the fifth- and seventh-order harmonic currents and the THD of stator current
are decreased from 4.1%, 2.7%, and 5.4% to 1.0%, 0.2%, and 2.4%, respectively. The
stator current quality is significantly improved. Although the control target is selected
to suppress the stator harmonic current, it can be found that the rotor harmonic current
and the electromagnetic torque fluctuation is suppressed as well.

TABLE 7.2 Fifth- and seventh-order harmonic currents, the THD of stator current with
vector control, and proposed stator harmonic current control under a sub-synchronous
speed of 1200 rpm

Stator current with

Stator current proposed stator
Grid voltage with vector control ~ harmonic current control
Output power (pu) 05 1.0 0.5 1.0 0.5 1.0
Fifth-order harmonic (%) 1.15 0.99 9.10 4.12 1.19 0.96
Seventh-order harmonic (%) 0.77 1.17 445 2.68 0.22 0.17

Total THD (%) 1.81 2.05 10.79 5.41 3.49 2.44




188 CHAPTER7 MULTIPLE-LOOP CONTROL OF DFIG UNDER DISTORTED GRID VOLTAGE

7.4 INFLUENCE ON THE FUNDAMENTAL
CURRENT LOOP

7.4.1 Influence on the Stability and Dynamic Response

The multiple-loop harmonic controls are in parallel with the fundamental control
loop, and they will be enabled together at the same time in most cases. So, it is impor-
tant to make sure that the harmonic control loop will have minimal influence on the
dynamic performance of the fundamental loop, and this is also the premise of the
controller design introduced in Section 7.3.4.

Take the stator harmonic current multiple-loop control as an example; the
dynamic performance of the system is determined by the open-loop transfer func-
tion of the system. When the DFIG is controlled with conventional vector con-
trol given in (6.36), the open-loop transfer function G/ (s) of the system can be
expressed as

G () = Gpi(9)Gp()K (7.39)

When the DFIG is controlled with stator harmonic current multiple-loop con-
trol, and the negative fifth and positive seventh harmonic loop is applied, the open-
loop transfer function of the system G, (s) can be derived from (7.32) and expressed
as (7.40).

Go (S) = prm GP (S) [GPii (S)

L L
+ L—mLPF(s +j6w,)G ;s (s + jow,) + L—mLPF(s = Jj0w)Gi7(s — jow,)]
A S

(7.40)

Notice that G, (s) and G:)(s) are written in the synchronous dq reference frame.
In (7.40), the fundamental loop and the harmonic control loop are all considered
here. In (7.38), it has already been assumed that the fundamental loop and harmonic
loop have no influence on each other: so the fundamental loop is not considered.
As a result, (7.38) can only be used as a simplified method to design the controller
parameters and it cannot be used in precise system analysis. In a 1.5 MW DFIG WPS
with the controller parameters introduced above, the bode diagram of G’O (s)and G, (s)
are compared in Figure 7.15. It can be found that the gain of G,(s) increase rapidly
around 300 Hz, which corresponds to the frequency of the negative fifth and positive
seventh frequency in the synchronous dq reference frame. The phase of G,(s) jumps
from about 0° to 180° at the frequency of 300 Hz; besides, the Bode diagram of G, (s)
and Gﬁ)(s) are almost the same.

For the DFIG with the conventional vector control, the crossover frequency is
about 400 Hz while the phase margin is about 90°, as shown in Figure 7.15. For the
DFIG with multiple-loop control, the Bode diagram of the system is almost the same
around 400 Hz, the crossover frequency of the system is also about 400 Hz. The phase
margin of the system may decrease a little, but it is also more than 80°. The stabil-
ity of the system is mainly determined by the phase margin in the Bode diagram,
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Figure 7.15 Bode diagram of DFIG with conventional vector control (dotted line) and
multiple-loop control (solid line).

while the crossover frequency is normally related to the crossover frequency. As a
result, a conclusion can be drawn from Figure 7.15 that after the multiple-loop con-
trol is applied, the phase margin and crossover frequency of the system are almost
the same to that when conventional control is used. The influences from the multiple-
loop control on the dynamic performance of the fundamental control loop are
small.

7.4.2 Simulation and Test Results

Simulations were made on a 1.5 MW DFIG simulation model to verify the influence
of the stator harmonic current multiple-loop control on the dynamic performance of
the fundamental control loop. The dynamic performance of the DFIG with stator
harmonic current multiple-loop control compared to conventional vector control is
shown in Figure 7.16. The d-axis rotor current reference changes from 0 to 1 pu while
the g-axis rotor current reference keeps at zero. The DFIG was operating at a super-
synchronous speed of 1800 rpm, 5% negative fifth-order and 5% positive seventh-
order harmonic is injected into the grid voltage. The response time of the system is
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Figure 7.16  Simulation results of the dynamic performance of the DFIG with the step

increase of the active power from 0 to 1 pu: (a) With conventional vector control and (b) with
stator harmonic current suppression control.

still the same after the stator harmonic current multiple-loop control is applied (about
4 ms). The dynamic performance is not influenced by the stator harmonic current
multiple-loop control method. More ever, as the negative fifth and positive seventh
stator harmonic currents are suppressed by the proposed control method, the over-
shoot in the d-axis rotor current during the transient stage is reduced.

The influence of the stator harmonic current multiple-loop control on the
dynamic performance of the fundamental control loop is also verified in the 30 kW
DFIG test system. The dynamic performance of the DFIG with stator harmonic cur-
rent multiple-loop control compared to conventional vector control is shown in Figure
7.17. The d-axis rotor current reference changes from 0 to 0.5 pu while the d-axis rotor
current reference keeps zero. The DFIG was operating at a sub-synchronous speed of
1200 rpm. The response time of the system is still the same after the stator harmonic
current multiple-loop control is applied (about 5 ms). The dynamic performance is
not influenced by the stator harmonic current multiple-loop control. Furthermore, as
the negative fifth and positive seventh stator harmonic currents are suppressed by the



7.5 SUMMARY 191

Stator current (50 A/div) —p Wsﬁdiv
e e e L  a a  a
Rotor current (20 A/div) \"J

d-axis rotor current W“W

reference (0.2 PU/div)
I AAALASALAAA AnBNBAASAL

d-axis rotor current
(0.2 _PU/div)

(a)

Stator current (50 A/div) WPWN\
Rotor current (20 A/div) \ |

d-axis rotor current ] [T e o

reference (0.2 PU/div) > / \

herte et e e xL....-‘ﬂl'"‘\ﬁ:f‘“-r‘ d-axis rotor current

(0.2 PU/div)

(b)
Figure 7.17 Test results of the dynamic performance of the DFIG with the step increase of
the active power from 0 to 0.5 pu: (a) With conventional vector control and (b) with stator
harmonic current suppression control.

proposed control method, the over shoot in the d-axis rotor current during the tran-
sient stage is reduced.

7.5 SUMMARY

In this chapter, a harmonic suppression control strategy based on multiple-loop con-
trol is introduced. The current is transferred to the dg reference frames which are
rotating at harmonic angular speed, so the harmonic currents are DC components in
these frames. In this case, they can be controlled as DC variables using a PI controller
and a much higher controller gain can be achieved for the harmonic components. This
control strategy can be used on both the GSC side and RSC side, and by choosing
different harmonic current references, different controller target can be achieved. For
the GSC, the control target is selected to suppress the GSC grid current, while for the
RSC and DFIG, the control target is to suppress the stator harmonic current. If more
than one frequency of the harmonic components exists in the grid voltage disturbance,
more than one harmonic current loop needs to be added in the control scheme
[16, 17]. All these control schemes work together with the fundamental control loop.
A control scheme to suppress the negative fifth and positive seventh GSC grid har-
monic current and DFIG stator harmonic current are introduced in this chapter. Fur-
thermore, for the DFIG stator harmonic current control, two control schemes are
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introduced and compared; the direct stator harmonic current control seems to be a
better choice and it is analyzed in detail [18, 19]. To ensure the control loops do not
interrupt each other, the design of the controller parameters is introduced as well in
this chapter, and the influence of the harmonic current loop on the fundamental cur-
rent loop is evaluated. Simulation and test results are given to prove the effectiveness
of the control strategy.

Besides for the multiple-loop control, there exists another control method to
ensure a higher controller gain at a certain frequency, named resonant control. It can
also be used for the harmonic suppression control of the DFIG. In Chapter 8, the DFIG
stator harmonic current control based on the resonant controller will be discussed in
detail [20, 21].
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CHAPTER 8

RESONANT CONTROL OF DFIG
UNDER GRID VOLTAGE
HARMONICS DISTORTION

8.1 INTRODUCTION

According to the analysis given in Chapter 6, under harmonically distorted grid condi-
tions, the grid voltage harmonics, mainly the fifth and seventh order, will cause sixth-
order harmonics in the electromagnetic torque and stator active and reactive currents
of the DFIG. Therefore typically six times the grid frequency is the characteristic
oscillation frequency of the DFIG under harmonically distorted grid. If the fluctuat-
ing components of such frequencies can be effectively suppressed without influencing
the normal operation of the DFIG, the capability of the DFIG wind power system to
overcome harmonically distorted grid conditions will be largely improved. Resonant
controllers, also known as generalized AC integrators, achieve a large gain at its reso-
nant frequency and damp rapidly other frequency components. Such a feature makes
resonant controller suitable for the suppression of the fluctuating components that
have a characteristic oscillation frequency.

This chapter discusses the improvement of current controllers for DFIG under
grid voltage harmonics using resonant controllers in order to enhance the compati-
bility of DFIG wind power generation systems according to the grid codes.

8.2 RESONANT CONTROLLER

8.2.1 Mathematical Model of a Resonant Controller
The transfer function of a resonant controller can be expressed as [1, 2]
2K, w,s

Gr($9) = 5¥—7——
R 52 + 20,5 + coo2

8.1)

where K, is the controller gain at resonant frequency ®,, w, is the open-loop
cut-off frequency of the resonant controller when K, =1. Due to the small value
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Figure 8.1 Frequency response of the resonant controller, K, =20, o, = 5rad/s,
o, = 1884 rad/s.

of w,., the gain of the resonant controller decreases rapidly at frequencies other
than the resonant frequency and thereby achieving a good frequency-selection
characteristic.

To eliminate the fifth and seventh harmonic currents, the resonant controller
is required to have a large gain at 6w,, where w; is the grid frequency. Figure 8.1
shows the frequency response of the resonant controller when the resonant frequency
is set as w, =6awy. It is shown that the resonant controller achieves a very large
gain at frequencies of + 300 Hz (the frequency of the positive-sequence seventh-
order harmonic in the stationary reference frame) and — 300 Hz (the frequency of
the negative-sequence fifth-order harmonic in the stationary reference frame). Figure
8.1b shows the frequency response of the resonant controller around the resonance
frequency.

It can be seen from Figure 8.1b that the resonant controller has a very large
control gain at 300 Hz, and the gain decreases rapidly at other frequencies. Such a
frequency-selection characteristic is suitable for the control of AC components that
have frequencies several times the grid frequency [1]. However, when the grid fre-
quency deviates from its normal value, the fifth- and seventh-order harmonic fre-
quency would also deviate from 300 Hz. In that way, the resonant controller tuned at
300 Hz would become ineffective in suppressing the harmonics. Therefore, the res-
onant controller is sensitive to the change of the grid frequency. Nevertheless, this
problem can be dealt with in modern digital control systems. The resonant frequency
of the resonant controller can be adjusted according to the measured grid frequency
by the phase locked loop (PLL), so that the resonant frequency always stays at the har-
monic frequency of the grid, despite the changes in the fundamental grid frequency.
The resonant controller that has a frequency tracking capability is called an adaptive
resonant controller [2, 13].
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8.2.2 Resonant Controller in dq Frames

The resonant controller shown in equation (8.1) can be deduced by a reference frame
transformation. In a synchronous rotating reference frame, the non-ideal integrator
can be expressed as [6]

Gy(s) = (8.2)

K,
I+s / @,
where K| is the controller gain and w, is the cut-off frequency. When the integrators in
the dg rotating frames synchronous to the negative fifth-order and positive seventh-
order harmonics are transferred into the dg frame synchronous to the fundamental
frequency of the grid, the following equation can be obtained:

GV(s) = GV (s +jw,) + G (s - jo,)

K, K, 2K, (a)cs+a)g)
= + = 8.3)
1+ (s+jw,) /o, 1+ (s—jo,) /o, 242w+ (0? + »?)

where G;S)(s) and G§7)(s) are the integrators in the negative fifth-order and positive
seventh-order synchronous rotating frames, respectively, G;I)(s) is their equivalence
in the grid synchronous frame, ®, is six times the grid frequency (o, = 6w). Since

the cut-off frequency o, < < ®,, Gil)(s) can be approximated as [13]

2K 0,8
G\V(s) v ——— (8.4)
52 + 20,5 + @2

It can be seen that equation (8.4) has the same form as equation (8.1). There-
fore, a resonant controller in the grid synchronous frame is equivalent to the con-

ventional PI controllers in the dg rotating frames synchronous to the harmonics
[14, 15].

8.3 STATOR CURRENT CONTROL USING
RESONANT CONTROLLERS

8.3.1 Control Target

Similar to the control strategy introduced in Chapter 7, four control targets can be
adopted for the control of a DFIG under harmonically distorted grid voltage [16, 17]:

¢ Elimination of rotor current oscillations.
* Suppression of stator current harmonics.
¢ Elimination of the fluctuations in stator active and reactive powers.

¢ Elimination of the fluctuations in stator reactive power and electromagnetic
torque.
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resonant controller.

The above-mentioned control targets can be achieved by modifying the control
scheme described in Section 5.3. One possible solution is to calculate the rotor cur-
rent reference for the rotor current control loop according to the generator parameters
and grid voltage harmonics. However, the variations in generator parameters and the
difficulty of accurate extraction of the grid voltage harmonics will affect the effec-
tiveness of this method. On the other hand, a control scheme based on the resonant
controller does not rely on the generator parameters and the extraction of grid volt-
age harmonics is not required, which is suitable for practical applications with better
robustness [11, 12, 24, 25].

8.3.2 Control Scheme

The schematic diagram of the stator current harmonics elimination control scheme
based on the resonant controller is shown in Figure 8.2. Compared to the control
strategy introduced in Chapter 7, since the resonant controller is used for harmonic
suppression, the harmonic extraction is no longer needed and the multiloop PI con-
trollers are substituted by a single resonant controller [18-20].

The control system consists of a power control loop, a rotor current control
loop, a stator current harmonics control loop, PLL, synchronous rotating reference
frame transformation, and also a space vector modulation (SVM) module.

In Figure 8.2, the subscription “7” denotes the variables on the rotor side while
“s” denotes the stator-side variables. For each variable, abc — af and aff — dgq
frame transformations are used to get the dg components in the dq rotating frame
synchronous to the grid fundamental frequency. The grid frequency is obtained by a
PLL, and the rotor frequency is obtained by an optical encoder.
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Under harmonically distorted grid conditions, the fifth- and seventh-order har-
monics in the grid voltage are transformed into sixth-order harmonics by the rotat-
ing frame transformation synchronous to the grid fundamental frequency. There-
fore, the current control loops of the control system shown in Figure 8.2 are
required to have the capability of suppressing the impacts of the sixth-order harmonic
voltage.

As shown in Figure 8.2, the voltage reference for the rotor-side converter VY

rdq

is composed of the output of the PI controller of rotor current control loop vf Jq, the

output of the resonant controller of stator current harmonics control loop vqu, and

the rotor current decoupling term vrcdq, which can be expressed as

VO =PI R C

rdq Vrdq rdq rdq (8.5)

In equation (8.5), the minus sign for v¥, is due to the opposite reference direc-
rdq

tions for stator and rotor currents. In steady state, vf d’q is a DC component and vqu is
an AC component with the frequency six times the grid frequency.

8.3.3 Control Model in dq Frame

Combining the model of the DFIG and the stator current harmonics control scheme
shown in Figure 8.2, the current control block diagram of the DFIG can be depicted
as Figure 8.3.

In a digital control system, the calculation of the control commands may cause
a delay of one sampling period [23]. When the sampling frequency is comparable
to the harmonic frequency, the digital control delay may cause large phase lag for
the harmonics control and thus affect the control performance. Therefore, the control
delay must be taken into consideration in the harmonics control system. In Figure 8.3,
the control delay is denoted as G,(s) = e=*7¢, where T, =T, and T is the sampling
period.

As shown in Figure 8.3, the stator current iy,(s) is influenced by the rotor
current control loop, the stator current harmonics control loop, and the grid voltage
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Vsdq(s). The transfer functions of the stator and rotor currents can be expressed as
iag® = { [ (16 = 1,4,) Gra(s) = (15.5) = .4, (5)) Ga5)] Guto)

L
: 1y )G HGA) } G622 = gy ()G (5) 86)

. 1L
lrdq(s) = Vsdq(S)Gl(S)L— - L—lsdq(s)
m m

where G(s) = 1/ (s +jw,), Gy(s) = (s + jog) L, /L, and G,(s) = 1/(cL,s +R,)
are included in the model of the DFIG which is shown in Figure 8.3, Gp(s) is the
PI controller of the rotor current control loop, and Gg(s) is the resonant controller of

the stator current harmonics control loop. The expressions for Gp,(s) and G(s) are
as follows.

Gp(s) =K +Kl' (8.7)

Gus) = —Kroes 55)
s2 + 20,5 + woz

Substituting i,,,(s) in the expression of iy, (s), the following equation can be
obtained for the transfer function between the stator current iy, (s) and the input
variables.

g (5) = Vg (8)Gis(s) — i j’; ()G, (s) + i:flz ()G, (s) (8.9)

Compared to the traditional control scheme, an extra term of stator current
harmonics control i;j;(s)Gss(s) is added in equation (8.9), where G(s) is the trans-

fer function from stator current reference i;;fq(s) to stator current isdq(s). G,,(s) is

the transfer function from rotor current reference i:;f (s) to stator current iy, (s), and
G, js(s) 1s the transfer function from the grid voltage v, (s) to the stator current iy, (s).
The transfer functions G,(s), G(s), and G,;,(s) can be expressed as

O Gp(9)G4(5)G(s)L,, [ L

Gpls) = S — = (8.10)
B4y 1T CGr)Gu($)Gy(s) + Gr($)Ga($)Gy ()L, /L,
Gos) = iif,?(S) _ Gr($)Gy()G ()L, /L, G0
) 1+ Gp9G)G ) + GrS)G4$)Gy )L L
_ isa'q(s)
Gvis(s) = Vqu(s)
_ G [Ls + G1(5)Gp(5)G ()G, (5)/ Ly + G1 ()G ()G ()L, [ L E12)

L+ Gpi($)Gy(5)G, () + Gr(s)G 4(9)G ()L, /L,
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G,;,(s) represents the control system’s rejection capability to the grid voltage
disturbances. Compared to the traditional control method, in equation (8.12), an extra
term G (s)Gd(s)Gp ()L, / L, is added to the denominator of the expression for G ;(s).
This added term is determined by the resonant controller. If the resonant controller
gain K, is properly designed, G,;,(s) may have the required damping at the harmonic
frequencies. The effect of stator current harmonics control on the system performance
will be discussed in more detail in the next section.

8.3.4 Control Effect

The amplitude—frequency characteristics of G,;,(s) with the traditional control
method and with the stator harmonics control scheme are compared in Figure 8.4.
The calculations are based on a 1.5 MW DFIG wind turbine, the parameters of which
can be found in Tables 5.1 and 5.2. The sampling frequency used in the digital con-
troller is 4 kHz. To depict the figure, the parameters of the PI controller are chosen as
K, =0.85 and K; = 80, the parameters of the resonant controller are set as K, =20 and
o, =Srad/s. It can be seen from Figure 8.4 that by implementing the stator current
harmonics control, the DFIG system has obtained a —27.2 dB damping for the fifth-
and seventh-order harmonics of the grid voltage.

Assume the amplitudes of the fifth- and seventh-order harmonic voltages in the
grid are both 0.05 pu, the amplitude of the stator current harmonics can be calculated
according to the following equations:

Vsdq ( _j 660.? )

(5) _ . .

= —ibw.) = 8.13

lm'q lsdq ( J a)x) XW'S (_] 60%) ( )
Veay (j6@

ity = isag (160,) = Ly U60,) (8.14)

Xvis (J 6ws )

where X, (jo,) = 1/G;; (joy), v, (—j6w;), and vy, (j6w,) are the negative-
sequence fifth-order and positive-sequence seventh-order harmonic voltages,
respectively.

The amplitudes of the stator current harmonics with different resonant con-
troller gains K, can be calculated as shown in Figure 8.5. As shown in the figure,
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when K, = 0, the resonant controller is disabled, which means that the traditional con-
trol scheme is adopted. When the resonant controller starts working, as K, increases,
the amplitudes of the stator current harmonics decrease rapidly. The stator current
harmonics are almost eliminated when K, goes beyond 20.

As explained in Chapter 6, the harmonically distorted grid voltage may also
cause fluctuations in the electromagnetic torque of the DFIG. Figure 8.6 shows the
sixth-order fluctuation in the electromagnetic torque with different K,. values of the
resonant controller for stator current harmonics.

It is shown that the electromagnetic torque fluctuation drops from 0.06 pu at
K, =0 to below 0.01 pu when K, is larger than 20. Thus, the electromagnetic torque
fluctuation is eliminated by the stator current harmonics control as well.

According to equation (8.5), with the implementation of the stator current har-
monics control, the rotor voltage consists of not only the fundamental components
but also the harmonic components as well. Therefore, the required DC voltage may
become higher.

0.1
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= 0075
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9
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g 0.025 [\
g S
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Figure 8.6 Amplitude of the sixth-order fluctuations in electromagnetic torque with stator

current harmonics control, the injected voltage |vy, (ij6a)s) =0.05 pu for different

K, values.
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Referring to the DFIG model described in Chapter 4, the rotor current can be
expressed as
Ysdg — insdq

ird =
4 L
‘m

(8.15)

If the fifth- and seventh-order harmonics in the stator current are controlled to
be zero, that is 1(5) iD= 0, then the rotor current harmonics can be deduced as

sdqg — “sdq
follows:
) )
Ysa d
== v (8.16)
Lm Jsa)S m
) (7)
i 2 Ysdg - Vsda (8.17)

Therefore, the complete form of the rotor current expression can be derived as
the following equation:
(5) Ny
; (1) | 5 —j6w (1) jéwsr _ (1) Vsdg —j6wt 544 j6wgt
lgqg =1, +l e 5+l€1~‘— - —— e P ——— % (818
a rdq "~ jSo,L, jla,L,, (®19
Neglecting the resistance of the rotor windings, the steady-state expression of
the rotor voltage can be expressed as [7, 17]

, d ..  Lprd .
Vidg = errdq +oL, (E tjwg ) gy + L_ E +-]w5'l) Vsdq
s
J 5) (N
sdq —i6w.t sdq 6wt
R oL, (S 4oy )| ) - eIt 4 U ibo,
dr Jjo sl rdq ]SwsLm j7a)sLm

MO (5) »D

v
+ lﬂ <£ +ja)sl> qu .qu e—j6(uxt + qu €]6w t
L, \dt Joy ]Sws Jlag

L, o
(1) m Ysl (1)
<-]CUY10-L lrdq + L_Xa)_Xdeq>
(5) (7)
O'L Lm d Vsdq i6 Vsdq ;
. (4 )| ot s 2 g
< L, L, > dr TP jSw J1o,

S

& Ln @t ) —60s O 5) oty O F Dot ) iow,s
Lm

L w, Vsdg =S, Vsdg® T, Vsdg
S(I)Lm o, L Lr 59,0 oot 4 S<7> D) 6o
Ls sdq L sdq sdq
(1) + V(S)e —j6wgt + V(7) 6]6(1) t (819)

rdq rdq
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()

where S;l) is the slip ratio of the positive-sequence fundamental component, S, is the

slip ratio of the negative-sequence fifth-order harmonic component, and 557) is the slip
ratio of the positive-sequence seventh-order harmonic component. The definitions of
the slip ratios are given below.

%m0 0o
Wy Wy Wy
S0, —w —6w; + ® 0]
) S(S) — s ro_ s sl =1+ r (820)
—Sw; —Sw; Swy
S(7) _ 76()S — W, _ 6605 + wsl —1- (Ur
L ! 7wx 7a)s 7ws

During the normal operation of the DFIG, the rotor speed w,. varies in the range
of 0.7-1.3 times the synchronous speed. Therefore, the slip ratios are in the following
ranges: —0.3 < S\ <0.3,1.14 < $” < 1.26,and 0.81 < 5\ < 0.9.

As illustrated in equation (8.19), the rotor voltage vector is composed of two
parts, the fundamental vector and the harmonic vector. In steady state, the amplitude
and direction of fundamental vector v( ) remain constant in the synchronous rotating

dq reference frame. The trajectory of the harmonic vector vijile‘/ms’ + vg;e"(’“’s’ is

(5) 7
rdgq rdq

as shown in Figure 8.7. In Figure 8.7a, the initial phase angle of

an ellipse of which the semi-major axis is and the semi-minor axis

(©)] WD

vrdq rdq

the harmonic vector is arbitrary. According to the vector composition principle, the
following relationship can be derived.

< (1

Only when the major axis of the harmonic vector trajectory coincides with the

1% + |v

is

N

+ v(7) e/6a) t
rdq

|+

6 [ 4 [,
Vrda ol A ) X2V

fundamental vector, as illustrated in Figure 8.7b, (v, | may reach its maximum value:

rdq

(1)
rdq

M)

Ny
o (8.22)

rdq

|+

1%
rdq (max)
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Transforming Figure 8.7b from the synchronous rotating dg reference frame to
the static abc/af reference frame, the trajectory is shown in Figure 8.8. It is seen that
the maximum amplitude of the rotor voltage is |v(1) | + O+ ‘vm |

rdq rdq rdq
The variables used in the previous analysis are referred to the stator and there-

fore the actual maximum amplitude of rotor voltage would be the following [7, 17].

v

_ 1 ERVONRVONRYO!
Vrm(max) - n_ Vrdq|(max) - Vrm + Vrm + Vrm
sr
L L L
— L SEI)_mV(lli) + _VSES)V(Z) + _FS§7)V(Z)
Ny L s L, 4 L, aq
U (L) yy . Lr q®v) o Lr qnpm
= n—sr <L—S Sl |Vsm + L_mSl Vsm + L_mSl Vsm (823)

where ng, is the turns ratio between stator and rotor of the DFIG; V;,ln) , V;jf, V;Zn) are
the amplitudes of fundamental, fifth- order, and seventh-order harmonic rotor volt-
ages, respectively; Vg,l,,), Vﬁfn) , VEZ,) are the amplitudes of fundamental, fifth-order, and
seventh-order harmonic stator voltages, respectively. Since the slip ratios for the har-
monics S;S) and SY) are around 1, the actual amplitude of rotor harmonic voltage
is approximately (1/n,,) of the stator harmonic voltage. For a DFIG, ng, is usually
less than 0.4; thus the rotor-side converter has to output large voltage harmonics to
compensate the impact of grid voltage harmonics.

When S;l) is at its lower limit, S;l) = —0.3, the required rotor voltage reaches
the maximum. By setting the amplitude of the grid voltage fundamental component
as 1 pu, and assuming that the amplitudes of fifth- and seventh-order harmonics are
0.04 pu and 0.03 pu, respectively, the curve of the rotor voltage amplitude with respect
to the grid voltage THD can be depicted as shown in Figure 8.9. As shown in Fig-
ure 8.9, a higher rotor voltage amplitude is required to compensate for larger grid
voltage THD.

According to the principle of SVM, the DC-link voltage of the RSC must be
larger than rotor voltage, v = V,,max)- With the increase of rotor voltage amplitude,
the margin of voltage modulation for the RSC decreases, and the output of the SVM
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approaches saturation. The DC-link voltage of a 690 V system is usually set as
1100V for normal grid conditions, which may be insufficient for the compensation
of grid voltage harmonics when the grid voltage THD is relatively high. To meet
the requirement of the rotor voltage modulation under harmonically distorted grid
conditions, a higher DC-link voltage may be necessary.

However, a high DC-link voltage not only leads to higher losses of the
converters but also reduces the operation lifetime of the DC-link capacitors. Since
the chance of the converter to operate under heavily harmonically distorted grid
conditions is rather scarce, in order to avoid the DC-link voltage from remaining at a
high level during normal operation, a flexible controlled DC-link voltage is proposed
in [3]. Such a control method only raises the DC-link voltage to meet the requirement
of SVM under abnormal grid conditions, while keeping the DC-link voltage at a
relatively lower level during normal operation, which mitigates the negative effects of
higher DC-link voltage brought by the stator current harmonics control.

To verify the performance of the stator current harmonics control under har-
monically distorted grid condition, a simulation is done by using Matlab/Simulink.
The schematic description of the simulation model is shown in Figure 8.10. The

690 V/1.5 MW Step-up

Gearbox Stator current transformer
«» h
Rotor-side Grid-side 2 MW
/ converter  DCbus  converter 0.7/10 kV
Wind Rotor Z, =0.01+ j0.06 (pu)
turbine current

Eat

i il

prel
¢ RSC JEEN GSC
Xref controller controller
Stator current
harmonics ~ |4—— ~—
control Enabling
switch

Figure 8.10 Schematic diagram of the simulation model for the DFIG system.
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current harmonics control scheme under normal grid condition, stator current i ,, = 0.5 pu.
(a) Grid voltage v, (pu); (b) stator current i; (pu); (c) rotor current i, (pu); (d) electromagnetic
torque T,,, (pu); (e) output of resonant controller (pu).

voltage and power ratings of the DFIG are 690 V/1.5 MW, and the grid frequency
is 50 Hz. The parameters of the generator can be found in Tables 5.1 and 5.2. The
stator of the DFIG is connected to a 10kV grid via a step-up transformer of which
the leakage inductance is Z;=0.01 +j0.06 (pu). The converters for the DFIG system
include the rotor-side and grid-side converters which are connected by a common DC-
bus capacitor of 16 mF. The switching frequency of the converters is set to 2 kHz, the
sampling frequency is 4 kHz, and the DC-bus voltage is 1150 V. The control system
consists of controllers for RSC and GSC. The RSC controller controls the DFIG, and
the GSC controller maintains the DC-bus voltage at a constant level. The PI controller
for RSCissetto K = 0.85 and K; = 80, and the parameters for the resonant controller
are K, =20, w, = Srad/s. In the simulations, to present the rotor currents more explic-
itly, the rotor speed during steady-state operation is kept at 1.2 pu. It should be noted
that in practical situations, the wind power generation system often operates under
rated conditions. If not specifically addressed, the harmonic components in the grid
voltage used in the simulations are 4% of negative-sequence fifth-order and 3% of
positive-sequence seventh-order harmonics, and grid voltage THD is 5%. In Figure
8.10, when the enabling switch is switched on, the stator current harmonics control
is enabled, otherwise the stator current harmonics control is disabled and the con-
ventional control scheme is adopted. The simulation system is using discrete models,
and the variables are presented in per unit values.

First, the performances of the conventional control scheme and the stator cur-
rent harmonics control scheme are simulated under normal grid condition. The results
are shown in Figure 8.11. The simulation is done under half-load condition with a
stator current of 0.5 pu. From 0 to 0.1 s, the conventional control scheme is adopted,
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Figure 8.12  Steady-state performances of conventional control scheme and the stator
current harmonics control scheme under harmonically distorted grid condition. The test
conditions are vSi) = 0.04 pu, "gz) = 0.03 pu; (a) stator current i, (dg =0.5 pu), (b) stator
current i; (dg=0.8 pu). (A) Grid voltage v, (pu); (B) stator current i; (pu); (C) rotor current i,

(pu); (D) electromagnetic torque 7,,, (pu); (E) output of resonant controller (pu).

and the stator current harmonics control is enabled at 0.1 s. From the waveforms of
stator and rotor currents shown in Figure 8.11, it can be seen that both control schemes
work well under normal grid condition.

The performances of the conventional control scheme and the stator current
harmonics control scheme are tested under harmonically distorted grid condition
and they are compared as shown in Figure 8.12. In Figure 8.12, Figure 8.12a is the
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TABLE 8.1 Stator current harmonics and electromagnetic torque fluctuations under
conventional control and stator current harmonics control

0.5 pu 0.8 pu
Conventional Stator current Conventional Stator current
Stator current control harmonics control control harmonics control
THD (%) 11.2 3.1 6.8 2.0
Fifth-order harmonic (%) 9.5 1.1 5.7 0.8
Seventh-order harmonic (%) 4.7 0.4 3.1 0.2
EM torque fluctuation (pu)  +0.05 +0.01 +0.05 +0.01

simulation result under half-load condition with a stator current of 0.5 pu, and Fig-
ure 8.12b shows the results under full-load condition with a stator current of 0.8 pu.
From 0 to 0.1s, the conventional control scheme is adopted for the DFIG system.
It is shown that because of the grid voltage harmonics, the corresponding current
harmonics occur in the stator current, and the electromagnetic torque suffers from a
sixth-order fluctuation, which shows the inability of the conventional control scheme
to suppress the impact of the grid voltage harmonics. As soon as the stator current
harmonics control is enabled at 0.1 s, the resonant controller starts to provide the
sixth-order harmonic voltage command to compensate for the grid voltage harmon-
ics, and the harmonics in the stator current and electromagnetic torque are mitigated.

The harmonics in the stator current and electromagnetic torque under conven-
tional control and stator current harmonics control are listed in Table 8.1. The results
verify that the proposed stator current harmonics control method is able to effectively
suppress the impacts of grid voltage harmonics on the DFIG and largely enhance the
compatibility of the DFIG under harmonically distorted grid conditions.

The performance of the resonant controller on suppressing the stator current
harmonics when the grid frequency increases linearly from 49 to 51 Hz is demon-
strated in Figure 8.13. It is shown that when the grid frequency deviates from its nor-
mal value, the stator current remains to be a high-quality sinusoidal wave, which illus-
trates that the self-adaptive resonant controller is able to accommodate the changes
of the grid frequency.

The susceptibility of the stator current harmonics control to the changes in the
generator parameters is also simulated and it is shown in Figure 8.14. The reference
value of the magnetizing inductance is 3.84 pu, and the performances are tested with
50% increase and 50% decrease of the magnetizing inductance. From the stator cur-
rent waveform, the proposed control method works well despite the changes of the
generator parameters.

8.3.5 Experimental Results

To verify the effectiveness of the stator current harmonics control under distorted grid
conditions, the experimental analysis is conducted on a 30 kW DFIG wind power
generation system.
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Figure 8.13 Performance of stator current harmonics control when the grid frequency
linearly increases from 49 to 51 Hz, test condition viﬁ? =0.04 pu, vEZ,L =0.03 pu, stator current
is4,=0.7 pu. (a) Grid voltage v, (pu); (b) stator current i; (pu); (c) rotor current i, (pu); (d)
electromagnetic torque 7T,,, (pu); (e) output of resonant controller (pu); (f) grid frequency

f,(Hz).

The schematic diagram of the test system is shown in Figure 8.15. As shown in
Figure 8.15, the system consists of a DFIG, a driving motor, two back-to-back con-
verters, a motor drive converter, control system, and a computer. The wind turbine is
emulated by the driving motor and motor drive converter. The back-to-back converter
is composed of an RSC and GSC. The RSC and GSC together with their control cir-
cuits adopt modular design, which means the hardware setups of the converters are
identical. The RSC is in charge of the vector control of the DFIG and the stator cur-
rent harmonics control introduced above. The GSC controls the DC-bus voltage. The
converters are connected to CAN communication.

In the test system, the rated power of the DFIG is 30 kW, the rated frequency is
50Hz, and the synchronous speed is 1500 r/min. The detailed parameters of the DFIG
can be found in Tables 5.1 and 5.2. The rated power of the back-to-back converter is
10kW, the switching frequency is 2 kHz, and the sampling frequency is 4 kHz. The
DC-bus capacitor is C= 1600 F, and the AC inductance of the GSC is Lg =13 mH.
The stator of the DFIG is directly connected to the 380 V power grid. The DC-bus
voltage is controlled to 650 V by the GSC.

Figure 8.16 shows the steady-state performance of the system when the rotor
speed of the DFIG is 1200 r/min (sub-synchronous) and with 10kW stator active
power and no reactive power. In Figure 8.16a, the conventional current control is



(@) v,

8.3 STATOR CURRENT CONTROL USING RESONANT CONTROLLERS

L,=3.84 pu
(Reference)

L,=5.76 pu
(+50%)

L,=3.84pu
(Reference)

L,=192pu
(=50%)

PR ANK

KX AX KK

XK

AAAASAN

JANKAR

ANAAAN

211

PPN 0000004
© L MU

0.5

R S e

-0.5
() T

$4000604

il PR P— - -
Wi L L Aty

0.5

(e) 0 RAARAMAARAAMARAAAAARRAASAAALAARAANARSASAAAALA TR AL AA AR BN
VY r v Yy Uy RV Yy Ry VR T Y T Y Y VI

-05

0 0.05 0.1

Time (s)

0.15 0.2

Figure 8.14 Performance of stator current harmonics control when the changes occur in the
generator parameters when the test conditions are vg; =0.04 pu, vizlfl =0.03 pu, and the stator
current i, = 0.8 pu. (a) Grid voltage v, (pu); (b) stator current i; (pu); (c) rotor current i,

(pu); (d) electromagnetic torque 7,,, (pu); (e) output of resonant controller (pu).

380 V/30 kW
Driving motor DFIG 380 V/50 Hz
grid
T &
. Liabe Vsabe
7
Optical RSC DC bus GSC
§ encoder J_
5}
2 | T *g} T *g}
3 T Viabe Lsae |Vrabe J L
13
S T R} U 4 1
=] v A/D Gate ¢ Gate
g 4 Ay sampling driver driver
=
% TMS320F2808 TMS320F2808
380 V Grid

| RS485/232

N
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Figure 8.16  Static performances of the conventional current control and stator current
harmonics control under distorted grid voltage. Test conditions: stator output power 10 kW,
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adopted, while in Figure 8.16b the stator current harmonics control is introduced.
Comparing Figures 8.16a and 8.16b, it can be seen that since the conventional control
method is not able to eliminate the impact caused by the grid voltage harmonics, larger
harmonics can be observed in the stator current, while after the introduction of stator
current harmonics control, the stator current harmonics are largely suppressed, which
results in good quality of the stator current. The details of the harmonic analysis of
the waveforms in Figure 8.16 are given in Table 8.2.

Figure 8.17 shows the steady-state performance of the system when the rotor
speed of the DFIG is 1800 r/min (super-synchronous) and with 20 kW of the stator

TABLE8.2 Measured harmonics in the grid voltage and stator current when the stator
power is 10 kW (corresponding to Figure 8.16)

Conventional control Stator current harmonics control

Grid voltage Stator current Grid voltage Stator current
THD (%) 1.8 13.1 1.9 4.9
Fifth-harmonic (%) 1.2 12.2 1.2 2.6

Seventh-harmonic (%) 0.5 32 0.5 1.0
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Figure 8.17  Static performance of the conventional current control and stator current
harmonics control under distorted grid voltage. Test conditions: stator output power 20 kW,
rotor speed 1800 r/min (1.2 pu). From top to bottom: Grid line voltage v, stator current i,
rotor current i,,,, d-axis output of the resonant controller vf 4@ Conventional current control;
(b) stator current harmonics control.

active power and no reactive power. In Figure 8.17a, the conventional current control
is adopted, while in Figure 8.17b the stator current harmonics control is introduced.
Similar to Figure 8.16, the quality of stator current waveform is largely improved with
the adoption of stator current harmonics control. The detailed harmonic analysis of
the waveforms in Figure 8.17 are given in Table 8.3.

The dynamic response of the DFIG system when the stator current harmonics
control is enabled is shown in Figure 8.18, where the waveforms from top to bottom
are stator current, rotor current, electromagnetic torque, and d-axis output of the res-
onant controller. As shown in Figure 8.18, the settling time of the transient process

TABLE 8.3 Measured harmonics in the grid voltage and stator current when the stator
power is 20 kW (corresponding to Figure 8.17)

Conventional control Stator current harmonics control

Grid voltage Stator current Grid voltage Stator current
THD (%) 1.9 6.1 2.0 2.4
Fifth harmonic (%) 0.6 3.8 0.6 0.7

Seventh harmonic (%) 1.1 4.2 1.2 1.0
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Figure 8.18 Dynamic response of the DFIG system when the stator current harmonics
control is enabled. Test conditions: Stator output power 20 kW, rotor speed 1800 r/min (1.2
pu). From top to bottom: Stator current i, rotor current i,,, electromagnetic torque 7,,,, the

d-axis output of the resonant controller vfd.
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after the enabling time is about 20 ms. Also, it is shown in the figure that when the
stator current harmonics control is enabled, the sixth-order fluctuation in the electro-
magnetic torque is largely suppressed.

The dynamic performances of the conventional current control method and the
stator current harmonics control method are compared in Figure 8.19. In the test, the
d-axis component of the rotor current command abruptly changes from 0 to 0.5 pu,
and the stator reactive power is controlled to be zero by the g-axis component of
rotor current command. Figure 8.19a shows the test result under conventional cur-
rent control, while in Figure 8.19b the stator current harmonics control is adopted.
The rise time of the rotor current in Figure 8.19a is 4 ms, while in Figure 8.19b it is
reduced to 3 ms. Besides, with the introduction of stator current harmonics control,
the settling time of step response increases. Therefore, the dynamic performance of
the rotor current control loop is influenced by the stator current harmonics control.
The introduction of the resonant controller reduces the phase margin and cut-off fre-
quency of the rotor current control loop, thus reducing the damping of the system
causing a shorter rise time of rotor current step response. Meanwhile, the reduction
of the phase margin and cut-off frequency causes the settling time to increase.
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Figure 8.19 Dynamic response of the DFIG to the step change of rotor current command
(rotor current command changes from 0 to 0.5 pu). From top to bottom: Stator current i,
rotor current #,,, d-axis component of rotor current i, d-axis command of rotor current i’ :
(a) conventional current control; (b) stator current harmonics control.
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vfd, g-axis output of the resonant controller vﬁi .

The dynamic test result when the speed of DFIG changes from 1350 r/min (0.9
pu) to 1650 r/min (1.1 pu) is shown in Figure 8.20. In the test, the active output power
of stator is kept as 10 kW, while the reactive power is 0. As shown in the test result,
the waveforms of the stator and rotor currents are quite smooth without oscillation
and overshoot in the whole process, thus verifying that the stator current harmonics
control scheme is able to operate steadily when the rotor speed goes through the
synchronous speed.

8.4 INFLUENCE ON NORMAL CONTROL LOOP

Harmonics control performance of the stator current harmonics control loop is deter-
mined by the resonant controller. On the basis of the analysis given in the last section,
this section gives more insight into the influence of the resonant controller used in the
stator current harmonics control loop on the static and dynamic performance as well
as the stability of the control system for DFIG wind power generation. In this sec-
tion, the DFIG under analysis is rated to be 30 kW. The PI controller for the normal
rotor current control loop is set to K, = 0.42 and K; =40, which makes the open-loop
crossover frequency of the PI controller to be 300 Hz.

8.4.1 Static Performance

The frequency response of the closed-loop transfer function of the stator current har-
monics control loop G(s) is given in Figure 8.21. As illustrated in the figure, at the
resonant frequency of 300 Hz, the magnitude and phase of the closed-loop transfer
function are 1 and 0, respectively, which indicates that the stator current harmonics
control loop is able to track the stator current harmonic commands at the resonant
frequency. Also, it is shown that with the increase of K,, the curves of magnitude
and phase become flatter around 300 Hz, which indicates that a larger K, is able to
mitigate the frequency selective characteristic of the stator current harmonics control.
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Figure 8.21 Frequency response of the closed-loop transfer function of the stator current
harmonics control loop.

When the grid is harmonically distorted, according to equation (8.9), in steady
state, the magnitude of stator current at the Ath-order harmonic frequency w;, can be
expressed as given by the following equation [7, 17].

ZZ}:](]wh)Gfs(lwh) ref (]Cl)h)G”(]a)h)

isdq (jwh ) | -

+vvdq(]wh)va(]wh) ref(] W)= Olrdq(/wh) =0

VsdgUwpy) |
vzs (]wh) |

Therefore, given the amplitude of harmonic voltage in the grid voltage, the
amplitude of stator harmonic current is determined by the impedance X ; (jw,,) or
admittance G (jw,) of the system. From the expression of G,;.(s) given in (8.12)
and neglecting the influence of the control delay G,(s), the detailed expression of
|G,;s($)| is given as [7, 17]

= |Gvis(ja)h)| (8.24)

vsdq(iwh>| -

1 K1)+Ki/s 1 i stHjog 1
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1+ L2—
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— S §Hs ‘s §s (8.25)
oL,s+R,.+K +K/s+%




8.4 INFLUENCE ON NORMAL CONTROL LOOP 217

0.6
— 1. f,=50Hz
—_— =50.5H
0.4 2. f‘f g
— 3.f=49Hz
‘Gvix (jwh )‘
0.2
|1
0
10 20 30 40 50 60

r

Figure 8.22 Capability of stator current harmonic suppression with the variation of K, and
w, = Srad/s.
The magnitude at the harmonic frequency w, is [7, 17]

joL,wu+R, Kp+K[/(iwh) Ly, joptjog

J: L_x @ +j Wy Ls J: Ls‘ @p +j Wy LA' Ls J Wy, +j Wy

|GisGwp)| = (8.26)

. . 2K, w.w
oL.w, +R. +K, +K./ (jo,) + —I—22
J r%h r 14 z/ (] h) (jwh)2 20,0, +wg

In a typical DFIG wind power system, K, > K, K, > oL,, w;, > K;, and
L,, = L; the expression of |G, ;,(jwp)| can be simplified as [7, 17]

jwh+jwsl 2 2 2
N N el O L L O R
|Guistieon)] 2K, 0,0, =5 2K, (8:27)
(ja)h)2+j2wca)h+a)(2) T

where S;h) is the slip ratio of the Ath-order harmonic in the synchronous rotating dg
reference frame:

S(h) _ oy, + oy _ (v, + @,) — o,

( (8.28)

wy, + @ ®y, + W

When the resonant frequency w,, of the resonant controller is equal to the grid
harmonic frequency w;,, equation (8.27) can be further simplified as

e
|Gvis(]a)h)| ~ ?r (829)

Equations (8.27) and (8.29) determine the capability of suppressing the grid
harmonics by the control system. When the grid harmonic frequency coincides with
the resonant frequency, the harmonic suppression capability increases with a larger
gain of the resonant controller K,. When the grid harmonic frequency deviates from
the resonant frequency, the harmonic suppression capability is inversely proportional
to K, ... Therefore, larger K, enhances the harmonic suppression capability.

Currently, most grid codes require wind power systems to operate properly
when the grid frequency fluctuates in a certain range, for example, 49.5-50.5 Hz in
Denmark, 49-50.5 Hz in Germany, 48—50.5 Hz in Spain, and 49.5-50.5 Hz in China
(for detailed information about grid codes, please refer to Chapter 3). Figure 8.22
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Figure 8.23 Frequency response of the open-loop transfer function D(s).

shows the curves of |G,;(jw;,)| with the variation of K, under different grid frequen-
cies. It can be seen that with the increase of K,., a better suppression capability is
obtained, and the influence of the grid frequency deviation decreases. Therefore, from
the perspectives of harmonic suppression and reducing the susceptibility to grid fre-
quency variation, K, should be as large as possible. However, large K, may affect the
dynamic performance of the system or even cause instability of the system.

8.4.2 Stability of the System

Referring to the current control block diagram of the DFIG shown in Figure 8.3.
The transfer function shown in equations (8.10) —(8.12) have the same characteris-
tic polynomial A = 1 + Gp(s)G4(5)G,(5) + Gr()G ()G, ()L, /L,. To evaluate the
dynamic response and stability of the DFIG control system, the following open-loop
transfer function is introduced:

D(s) = Gpi(9)Gy(5)G () + Gr($)G ()G, ()L, / L (8.30)
The frequency response of the open-loop transfer function D(s) is given in

Figure 8.23. It is shown that with the introduction of resonant control (K, # 0),
an abrupt change occurs in the phase—frequency curve. The abrupt change of the
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phase may cause a reduction of the phase margin. When K,. equals 0, 10, 30, 60, the
open-loop crossover frequencies are 300 Hz, 340 Hz, 380 Hz, and 425 Hz, respec-
tively, while the phase margins are 60°, 34°, 20°, and 8°, respectively. Thus, with the
increase of K, the open-loop crossover frequency increases while the phase margin
decreases, which may cause oscillations in the control system.

To obtain the analytical expression of the open-loop crossover frequency and
phase margin with regard to the resonant controller gain, substituting the expressions
of Gp;(s), Gr(s), G,4(s), and Gp(s) in equation (8.30), the expression of D(s) can be
rearranged as given below [7, 17, 18]:

D(s) = Gp(5)G4(5)G,,(5) + Gr($)G ()G, (5)L,, /L

_ <Kp +K;/s 2K,.w,s  L,/L, ) T

oL.s+R,  s2+2w.s+w2oLls+R,

[ K 1 KLy /Ls
= ﬁ F[: " ? + zwc Ki ’ 1 e—STd
R, | (oL./R,)s+1 (s/a)o)2+2a)c/(u§s+ 1 (6L,/R,)s+1

(%S + 1) [(5/600)2 + 20, [0’ + 1] + sz_KrLI?/LS §2

i i =T

| =

s(r,s + 1) [(s/a) ) + 2w /w2s+ 1]

K 200 (Ky Ly /Li+K, K, 2
—”2s3+(i+M>s2+(—’+%€)s+l
® [0}

. ? K;w? K; 2
=L > e*Ta (8.31)
r s(t,s+ 1) [(s/wo) + 20, /wks + 1]

>
=

=

where 7, = 6L, /R, is the time constant of the rotor of the DFIG. In a typical con-
trol system, usually ®? > , and @? > 1, therefore equation (8.31) can be further
simplified as [7, 17, 18]

k| 7= % 24 s+ 1
D(s) ~ 1?1 Lo o K e™Ta (8.32)
rls(zs+1) [(/ ) C/w§s+l]

In the denominator of equation (8.32), 2w, /w%s = (2w./w,) (s/®,), since
(2m./w,) < 0.1, and in the range of the switching frequency, (w/w,) < 10, the

2w, / co(z)s term in the denominator can be neglected, and equation (8.32) can be fur-
ther simplified to [7, 17, 18]

K,

20, (K,+K,) ,
K, K»wZS Kol 2+ ’ s+ 1
17 i %o K eTa (8.33)

(TS+1 [ /0) +1]

D(s) ~
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Taking s = jw,,, the frequency characteristic of the open-loop transfer function
D(s) at the crossover frequency w,,. can be expressed as [7, 17, 18]

K =2 (K, + K,) 0,00 ]0,) + K0 [1 — (@, /wo)z]

D(jw,,) = e @l (8.34)

; . 2
JRrwcr(/wchr +1) [1 - (wcr/wo) ]

As shown in Figure 8.23, the open-loop crossover frequency w,.,. after introduc-
ing the resonant controller is larger than the resonant frequency w, of the resonant
controller, thus 2K,.w (@, / ®,)* > K; and w,,7, > 1, and for the sake of simplic-

ity, the influence of K; is neglected in the analysis. Equation (8.34) is simplified as
[7,17, 18]

20,(K, + K@) 0,) + K00 [(wcr o) - 1]
oL, [1 — (@] wo)z]

The phase angle of the open-loop transfer function at the crossover frequency
can be obtained as [7, 17, 18]

D(jo,,) ~ e @ala(8.35)

K[) a)cr

2D(j ~ -+ t ————
(jo,,) 7 + arctan < 20,(K, + K,)

[1- (wg/wc,)2]> —w,T;  (8.36)

From equation (8.36), the phase margin can be expressed as [7, 17, 18]

Kp a)C}’

=r+«4D(w,.) ~ arctan | ———
P (wer) <2a)c(K, + Kp)

[1- (mo/wc.,)2]> -w,T,; (837

Therefore, the phase margin is not only determined by the PI controller but
influenced by the resonant controller as well. If the resonant frequency w,, approaches
the crossover frequency @,.,., the value of polynomial [1 —(w,/ a)C,)2] decreases sig-
nificantly, which causes a reduction of the phase margin. The following conclusions
can be drawn from equation (8.37) :

1. The phase margin is inversely proportional to K, and w, of the resonant con-
troller;

2. When the resonant frequency w, approaches the crossover frequency w,,, the
stability of the system may be affected.

From conclusion (1), in order to avoid an inadequate phase margin, the product
K, must be kept small. Since K,. determines the gain of the resonant controller, w,. is
required to be as small as possible. However, for a fixed-point digital signal processor
(DSP), considering the quantization errors and rounding errors in the digital system,
it is difficult to realize a very small value for w,.. Taking both the stability and digital
realization into consideration, for a 32-bit fixed-point DSP, experimental experiences
suggest that w,. is better to be in the range of 3—10rad/s.

From conclusion (2), when the resonant frequency @, approaches crossover
frequency w,,., the influence of resonant controller on the stability of the system must
be considered. On the contrary, if w,/w,, < 1/3, the resonant controller has little
impact on the stability.
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Figure 8.24 Phase margin and open-loop crossover frequency under different resonant
controller gains.

The gain of the open-loop transfer function at the crossover frequency equals
1, thatis [7, 17, 18]:

ch(Kr + Kp)(wcr/wu)z +ijwcr [(wcr/w())z - 1]

|D(]wcr)| ~ 5 e_jwchd =1
erO'Lr [1 - (a)cr/a)o) ]
(8.38)

Equation (8.38) can be deduced to the following equation [7, 17, 18]:

(K, +K,)o, ~ 0.50,, [1 (o, /wcr)z] VoLw,)? - K2 (8.39)

Combining (8.37) and (8.39), the following equation is derived [7, 17, 18]:

O % Ko\ 1+ 1/ta0%(h,, + 0, T,) / (oL,) (8.40)

The phase margin and open-loop crossover frequency under different resonant
controller gains can be calculated as shown in Figure 8.24, where K,, =0.45, K; =40,
o, = Srad/s. It can be seen that the phase margin decreases with increasing K,., while
the crossover frequency increases with increasing K. When K, > 80, the phase mar-
gin becomes negative which indicates instability of the system. Therefore, both the
static performance and stability have to be taken into consideration when choosing
the appropriate value for X,

8.4.3 Dynamic Performance

To suppress the stator current harmonics, the stator harmonic current command igfij; (s)
is set to zero, and thus equation (8.9) can be rearranged as

isaq(5) = =iy ()G 5(5) + Vg ($)Gi(s) (8.41)

It can be seen that the static output of stator current is related to the rotor cur-
rent command and grid voltage, while the dynamic performance is determined by the
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Figure 8.25 Frequency characteristic of the closed-loop transfer function of the rotor
current G, (s).

closed-loop transfer function G,(s) of the rotor current control loop, the frequency
characteristic of which is shown in Figure 8.25. With the increase of K, the cut-off
frequency of the rotor current control loop decreases. For example, if K, increases
from 0 to 30, the cut-off frequency will decrease from 600 to 215 Hz. Since the
dynamic settling time of the system is usually inversely proportional to the cut-off
frequency, the decrease of cut-off frequency may cause longer settling time. This is
a negative effect brought by the stator current harmonics control.

Also, as shown in Figure 8.25 a high resonant peak occurs at the resonant fre-
quency, and the peak value increases with the increase of K,.. Because of the resonant
peak, oscillations may be induced in the rotor currents in a frequency range around
the resonant peak, and a very large resonant peak may even cause instability. This
is another negative effect on the performance of rotor current control brought by the
stator current harmonics control loop.

8.5 DESIGN AND OPTIMIZATION OF CURRENT
CONTROLLER

8.5.1 Systematic Design Procedure

According to the analysis given in the previous section, when the resonant frequency
of the resonant controller approaches the open-loop crossover frequency of the sys-
tem, the dynamic performance of the system is significantly influenced by the res-
onant controller. The phase margin is related to K, and K,®,. For the sake of static
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performance, higher K, helps to reduce static errors and the susceptibility of the res-
onant controller to the variations in the grid frequency. Therefore, taking both the
dynamic and static performances into consideration, the systematic design procedure
for the resonant controller is given as follows [21, 22]:

1. Choose the appropriate phase margin and open-loop crossover frequency. The
recommended phase margin is in the range of [30°, 60°], and the crossover
frequency is better to be less than 1/4 of the switching frequency. The recom-
mended crossover frequency is in the range of [f;,, /10, f;,,/5].

2. Substitute the required phase margin ¢,, and open-loop crossover frequency
w,, into equation (8.40), obtaining K,,.

3. Substitute ¢,,, @, and K, into equation (8.39), obtaining (K, + K},)o...

4. Choose the appropriate value for w, according to the accuracy of the digital
system. For a 32-bit fixed-point DSP, o, is recommended to be 3—10rad/s.

S. From the above-obtained K,, (K, + K, )w,, and ., K, can be calculated accord-
ingto K, = [(K, + Kp)a)c]/wc -K,.

If the obtained K, is not able to meet the requirement for static performance,
then new values for phase margin and crossover frequency should be chosen, and a
new K, can be obtained by performing the design procedure above. The design cycle
continues until the obtained K, is able to achieve the required balance between the
dynamic and static performances.

Example: Controller Design for a 30 kW System
The switching frequency is 2 kHz, and the sampling frequency is 4 kHz. According
to the design procedure given above, the controller parameters can be obtained as

1. The phase margin is chosen to be 30°, and the crossover frequency is set to 1/6
of switching frequency (333 Hz).

. From equation (8.40), K, is 0.42.

. From equation (8.39), (K, + K)o, is 54 rad/s.

. Set w, =5rad/s.

. From steps (2), (3), and (4), K, = 10 can be derived.

wn A W

Therefore, the parameters for the control system are Kp =042, K, =10, and
o, =5rad/s, and K; =40 is chosen. The frequency characteristics of the open-loop
transfer function shown in equation (8.30) adopting these parameters can be depicted
as shown in Figure 8.26.

8.5.2 Phase Compensation Methods for the Resonant Controller

In the example given in the last section, when the phase margin is 30°, the gain of
resonant controller reaches only 10. According to Figure 8.22, if the resonant con-
troller gain is too small, the static performance of the system is affected. However,
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Figure 8.26 Frequency characteristics of the open-loop transfer function shown in equation
(8.30) when Kp =0.42, K;=40, K, =10, and @, =5 rad/s.

according to Figure 8.24, a very large resonant controller gain may cause insufficient
phase margin, which may affect stability and dynamic performance of the system.
To achieve the best balance between static and dynamic performances, methods of
increasing the phase margin while keeping a large resonant controller gain will be
introduced in this section.

The controller parameters used in this section resemble those adopted in the
example given in Section 16, K, =0.42, K; =40, and w, = 5rad/s, but K, is increased
from 10 to 30. The frequency characteristics of the open-loop transfer function are
depicted in Figure 8.27. It is shown that the crossover frequency is 373 Hz, while the
phase margin is only 17°. Therefore, methods of the phase compensation are needed
to increase the phase margin of the system.

8.5.2.1 Phase Lead Compensation Method

The harmonics control loop with lead compensation based on the dq reference frame
is shown in Figure 8.28, in which the angle of the inverse dq transformation becomes
66, + ¢, by adding ¢, to the original angle. The block diagram shown in Figure
8.28 can be used to substitute the resonant controller Gp(s) shown in Figure 8.2
to improve the stability of the system. The added angle ¢, makes the phase angle
of the resonant controller at the resonant frequency w, = 6w, to increase by ¢;.

In Figure 8.28, ey, is the input error of stator current harmonics control loop as

. . .ref . . .
shown in Figure 8.2, ey, = i, dg ~ Lsdg Multiplying e,
transfers it into the negative-sequence fifth-order dg frame while multiplying e

with the rotating factor e /%%

sdq
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Figure 8.27  Frequency characteristics of the open-loop transfer function when K, = 0.42,
K;=40, K, =30, and w, =5 rad/s.

with the rotating factor e/ transfers it into the positive-sequence seventh-order dq

frame.
The transfer function of the control loop can be derived from Figure 8.28 as

[9,10]:

rdq( )

= G(S)(s + jw,)e ik 4 Gm(s —jo, Yel Pk
sdq(s)

GR7¢(S)

cos ¢, [Gm(s jo,) + G(S)(s +jw, )]

+jsindy [G)(s = j,) = Gt + joo,)| (8.42)

Negative frequency fifth order dq reference frame

/(6% G‘fx(s) oI (O0F D)
R

e.\'dq rdq

Positive frequency seventh order dq reference frame

Figure 8.28 Harmonics control loop with lead compensation in dq reference frame.
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Figure 8.29 Frequency characteristics of the resonant controllers with phase lead
compensation.

Taking qu)(s) = Ggq) () =K, / (1+ s/w,), the resonant controller with phase
lead compensation can be expressed as the equation below [9, 10, 22, 23].

Gg_g(s) = cos ¢y [ Kf + KT ]
1+ G —jo,)/o, 1+6+jo,)/o,
K, K,
1+ (s —jow,) /o, 1+ (s +jcoo)/a)c]
2K, 0.(s + @) J2K, 0.,

+jsing
2+ 205+ 02+ w,? "2+ 20.5+ 02 + 0,2

+jsin¢k [

= COs ¢,

(s + w,)cos ¢, — w, sin ¢y,
52+ 20,5 + 02 + w,?

= 2K, (8.43)

Since w,. < w,,, equation (8.43) can be simplified as

5 coS ¢, — w, sin ¢y,
Gr 4(8) =2K, 0, 8.44
rp(8) T2+ 20,8 + w2 (8.44)

Equation (8.44) is the expression of the resonant controller with phase lead
compensation. When ¢; = 0, equation (8.44) gets the original form of the resonant
controller as shown in equation (8.1). Figure 8.29 shows the frequency characteristics
of the resonant controllers with 0°, 20°, and 40° of the phase lead compensation. It
can be seen that the phases at the resonant frequency of 300 Hz are increased by
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Figure 8.30 Influence of resonant controllers with phase lead compensation on the system
dynamic performance: (a) Open-loop transfer function; (b) rotor current closed-loop transfer
function.

0°, 20°, and 40°. Therefore, a resonant controller with phase lead compensation can
enhance the phase margin of the control system.

However, the phase lead compensation causes the magnitude and phase of the
resonant controller to increase in the frequency range below 300 Hz. Since such com-
pensation method adds a constant angle ¢, to the signals in the whole frequency
range, and since the delay angle decreases with lower frequency, overcompensation
is caused for the signals with frequencies below 300 Hz, which might influence the
dynamic performance of the control system.

Figure 8.30 illustrates the influence of the resonant controllers with phase lead
compensation on system dynamic performance. In Figure 8.30a, when ¢, is 0°, 20°,
and 40°, the phase margin is 17°, 26°, and 34°, respectively. The phase margin
increases with increasing ¢;. From this perspective, a suitable phase lead compen-
sation is able to enhance the stability of the control system. However, from Figure
8.30b it is seen that by introducing phase lead compensation, the rotor closed-loop
gain in the low frequency range (10-200 Hz) goes beyond 0 dB, which means over-
shoot may occur in the rotor current response in such frequency range, affecting the
dynamic tracking performance of the rotor current control loop.

8.5.2.2 lLead-Lag Compensation Method
The lead—lag compensator is only effective in the required frequency range, while
the characteristics in other frequency ranges are not influenced, thus eliminating the
overcompensation problem with the phase lead compensator.

The expression of the lead—lag compensator is shown as equation (8.45), where
(14 aT;s)/(1+ T;s) is a leading compensator, <1 + %s)/(l + Tys) is a lagging
compensator, and K. is the gain of the compensator. The lead compensator enhances
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Figure 8.31 Frequency characteristics of the lead—lag compensator.

the phase margin of the system, and the lag compensator is used to counteract the
effects of the lead compensator on the characteristics in high frequency range. The
schematic diagram of the frequency characteristics of the lead-lag compensator is
shown in Figure 8.31.

T,
1+alys\ |1+ 25
wherea > 1,7, > T, (8.45)

G.(s) =K,
(®) ‘< 1+Tys 1+ Tys

The transfer function of the resonant controller with lead—lag compensation is
expressed as

Gr_(5) = Gr($)G.(s) (8.46)

The DFIG wind power control loop with phase compensation is shown in Fig-
ure 8.32. In the stator current harmonics control loop, when the selection switch is
put on 1, phase lead compensation is adopted in the system, and when the selection
switch is put on 2, lead—lag compensation is adopted.

To compare the control performances without phase compensation, with phase
lead compensation and with lead-lag compensation, the following conditions are
specified: the open-loop crossover frequency before and after the compensation
should be kept the same, and the phase margin gained by the two compensation meth-
ods should be identical.

The dynamic performances of the systems without phase compensation, with
phase lead compensation and with lead-lag compensation are compared in Figure
8.33, in which the adopted controller parameters are given as below:

1. Resonant controller without phase compensation Gy(s): Kp = 30, w,.=5rad/s;

2. Resonant controller with phase lead compensation G .(s):
Kr =30, w.=5rad/s, K, =04, a =3, T} =232us, T, = 58us;

3. Resonant controller with lead-lag compensation Gg 4(s): Kp = 20,
o, =Srad/s, ¢, =30°.
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Figure 8.32 DFIG wind power control loop with phase compensation in the stator current
harmonics control.

Applying the above parameters, the open-loop crossover frequency of the sys-
tem is 373 Hz, and the phase margin without phase compensation is 17°, while the
phase margin with phase compensation is 35°. Figure 8.33a shows the open-loop fre-
quency characteristics of the three systems. In Figure 8.33, curves 1, 2, and 3 are
corresponding to the systems without phase compensation, with phase lead com-
pensation, and with lead—lag compensation, respectively. Compared to that without
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Figure 8.33 Comparison of the dynamic performances of the control systems without phase
compensation, with phase lead compensation, and with lead—lag compensation: (a)
Open-loop transfer function; (b) rotor current closed-loop transfer function.
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Figure 8.34 Comparison of the static performances of the control systems without phase
compensation, with phase lead compensation, and with lead—lag compensation.

phase compensation, the phase margin is enhanced with both the compensation meth-
ods. Therefore, the stability of the system is improved with the phase compensation
methods.

It can be seen from the frequency characteristics of the rotor current closed-loop
transfer function shown in Figure 8.33b that by applying the phase compensation
methods, the resonant peak near the resonant frequency is reduced to around O dB
and the resonant peak is significantly suppressed. However, comparing curves 2 and
3 in the low frequency range, it is observed that in the frequency range of 10-200 Hz,
curve 3 is above the 0 dB line, while curve 2 almost overlaps the 0 dB line. The lead—
lag compensation method overcomes the tracking errors in the low frequency range,
which are introduced by the phase lead compensation method and thereby achieving
better dynamic tracking performance.

As shown in equation (8.24), the amplitude of current harmonic at steady state
is determined by the magnitude of the transfer function from grid voltage to stator cur-
rent at the harmonic frequency |G, ;s(jo,,)|. Figure 8.34 shows the |G ;(jw,)| curves
with different phase compensation methods. In the figure, curves 1, 2, and 3 are corre-
sponding to the systems without phase compensation, with phase lead compensation,
and with lead—lag compensation, respectively, in which the values of |Gvis(jwh)| at
300Hz are — 31 dB, — 26 dB, and — 27 dB, respectively. The damping ratios provided
by |G,;s(jwy,)| with the two compensation methods are slightly reduced compared
to that without compensation but still below — 20 dB. By selecting the appropriate
controller parameters, resonant controllers with the phase compensation methods are
also able to provide sufficient damping for the current harmonics.

It has to be noted that when achieving the same phase margin, the damping
ratio provided by |G, (jw;,)| without phase compensation is much lower than those
achieved with the phase compensation methods. For example, when the phase mar-
gin is achieved as 35°, |G, (jw;,)| with phase compensation is — 26 dB, while with-
out phase compensation, it is only — 15 dB. Therefore, from the perspective of keep-
ing the phase margin at a certain value, the phase compensation methods are able to
enhance the static performance of the system.

In general, the phase compensation methods can overcome the contradiction
between static and dynamic performances of the resonant controller, giving the con-
trol system good static and dynamic performances at the same time.
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8.5.3 Simulation Results of Phase Compensation

The phase compensation methods introduced in the previous section are verified with
simulations. The control structure used in the simulation is identical to that shown
in Figure 8.32. The power rating of the DFIG used in the simulation is 30 kW, the
grid voltage is 380 V/50 Hz, the DC-bus voltage is 650 V, the switching frequency is
2 kHz, and the sampling frequency is 4 kHz. The controller parameters are identical to
those given in the previous section. In the simulation, the grid voltage contains 1.6%
of the negative-sequence fifth-order harmonic voltage and 1.2% of positive-sequence
seventh-order harmonic voltage, and the total harmonic distortion (THD) is 2%.

Figure 8.35 shows the static simulation results of the DFIG system under har-
monically distorted grid condition when the output stator current is 0.8 pu. Figure
8.35a shows the steady-state simulation results of the stator and rotor currents with-
out applying harmonics control, in which the harmonic distortion can be observed
in the stator current waveforms. The waveforms shown in Figures 8.35b—8.35d cor-
respond to the results with resonant controllers without phase compensation, with
phase lead compensation, and with lead—lag compensation methods, in which good
harmonic suppression performances can be observed.
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Figure 8.36  Stator current harmonics under conventional control, resonant control without
phase compensation, resonant control with phase lead compensation, and resonant control
with lead-lag compensation at different load conditions: (a) Stator current 0.5 pu; (b) stator
current 0.8 pu.

The detailed values of stator current harmonics under these four conditions are
given in Figure 8.36. It is shown that without resonant control, the fifth- and seventh-
order harmonics in the stator current are quite large causing the THD to be larger than
5%, while by adopting resonant control, either with or without phase compensation,
the fifth- and seventh-order harmonics are significantly mitigated, thus achieving low
THD at both half-load and full-load conditions.

The dynamic responses of the DFIG system with different control schemes
under harmonically distorted grid condition are shown in Figure 8.37. In the simula-
tion, the d component of stator current is kept at 0.5 pu, and the g component is set to 0
pu, and the stator current harmonics control loop starts to operate at 40 ms. As shown
in Figure 8.37, without phase compensation, the enabling of stator current harmonics
control causes oscillation in the currents, and the settling time is around 20 ms. With
the application of phase compensation, the settling time of oscillation is reduced.
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Figure 8.37 Dynamic responses of the DFIG system with different control schemes under
harmonically distorted grid condition and stator current 0.5 pu. From top to bottom:
three-phase stator current, three-phase rotor current, d and ¢ components of stator current:
(a) Without phase compensation; (b) phase lead compensation; (c) lead—lag compensation.
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Figure 8.38 Dynamic responses of the DFIG system for the step change of rotor current
command with different control schemes under harmonically distorted grid conditions; rotor
current command changes from 0.2 to 0.6 pu. From top to bottom: three-phase stator current,
three-phase rotor current, d and ¢ components of rotor current: (a) Without phase
compensation; (b) phase lead compensation; (c) lead—lag compensation.

However, a significant overshoot is also caused by the phase lead compensation. The
settling time is reduced to 15 ms with the application of lead—lag compensation, and
the amplitude of the oscillation is also mitigated.

Figure 8.38 shows the dynamic responses of the DFIG system to a step change
in rotor current command with different control schemes under harmonically dis-
torted grid conditions, in which the rotor current command i, abruptly changes from
0.2 to 0.6 pu at 40 ms. As shown in Figure 8.38, oscillations occur without phase
compensation, and an overshoot occurs with phase lead compensation, while neither
oscillation nor overshoot occurs when the lead—lag compensation is applied. There-
fore, it is verified that by applying the lead—lag compensation method, the control
system has achieved better dynamic performance.

8.6 SUMMARY

To eliminate the negative effects brought to the DFIG system by the harmonic dis-
tortion in the grid voltage, the stator current harmonics control based on the resonant
controller is introduced in this chapter. The resonant control scheme has the advan-
tages of simple structure and high robustness. Analytical, simulation, and experi-
mental results are presented to verify that the stator current harmonics controller
is able to effectively suppress the stator current harmonics and reduce the electro-
magnetic torque fluctuations caused by the grid voltage harmonic distortion. Thus
the operational reliability of the DFIG system under distorted grid conditions can be
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improved. A systematic design procedure for the controller parameters is given tak-
ing both the static and dynamic characteristics into consideration. To further improve
the performance of resonant control, phase lead compensation and lead—lag compen-
sation methods are used to enhance the phase margin of the system thus improving
the dynamic performance of the control system by adopting the proposed resonant
controller.
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CHAPTER 9

DFIG UNDER UNBALANCED
GRID VOLTAGE

9.1 INTRODUCTION

Under unbalanced grid conditions, a small negative-sequence voltage may cause a
large negative-sequence current since the negative-sequence impedance of the DFIG
is small, and cause fluctuations in the electromagnetic torque and DC-bus voltage in
the back-to-back converter, thereby affecting the safe operation of the DFIG wind
power system. In this chapter, the influence of unbalanced grid voltage on the perfor-
mance of the DFIG system will be discussed, including the impacts on the GSC, RSC,
and the DFIG. The limitations of the conventional control methods under unbalanced
grid voltage will also be analyzed.

Under unbalanced grid, negative-sequence components are present in the grid
voltage, so the stator current of the DFIG and the AC current of the GSC also contain
negative-sequence components, which will cause imbalance in three-phase currents
and fluctuations in the power and electromagnetic torque of the system, as well as
the DC-bus voltage. This chapter will also give an analysis of these effects. All the
calculations given in this chapter are based on the 1.5 MW DFIG system shown in
Tables 5.1 and 5.2.

9.2 RSC AND DFIG UNDER UNBALANCED
GRID VOLTAGE

To give the readers an overall perspective of the system, a schematic diagram
of the DFIG wind power system with the back-to-back converter is shown in
Figure 9.1.

An unbalanced three-phase grid voltage contains the positive-sequence,
negative-sequence, and zero-sequence components. In a three-phase three-wire sys-
tem, zero-sequence voltage does not cause zero-sequence current and therefore,
the influence of zero-sequence component is neglected. Thus, the unbalanced grid

Advanced Control of Doubly Fed Induction Generator for Wind Power Systems, First Edition.
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Figure 9.1 Schematic diagram of the DFIG wind power system with the back-to-back
converter.

voltage can be expressed in the positive-sequence synchronous rotating dg reference
frame by the following equation [4]:

+1 -1
Vidg = vidq) + vidq)e J2wst 9.1
where v(,+1) is the vector of the grid voltage positive-sequence component in the
sdq

(—1) . . .
sdg 1S the vector of grid voltage negative-sequence com-

ponent in the negative-sequence dg frame, the rotating factor e /2?s’ represents the
negative-sequence voltage vector v;ql) is rotating in the negative direction at an angu-
lar speed of 2w, in the positive-sequence dg frame. In this chapter, the magnetic flux
and current vectors of the stator and rotor are expressed similarly as the grid voltage.
The superscript (+1) represents the positive fundamental component, and the super-
script (— 1) represents the negative fundamental component. The severity of voltage
unbalance is expressed by the voltage unbalance factor 7,

positive-sequence dg frame, v

(=D
vsdq

(+1
sdq

(=1)

7, = -2 x100% =
R

x 100% 9.2)

The magnitudes of the positive-sequence voltage Vs(;l) and the negative-

sequence voltage Vs(;ll) under the unbalanced grid can be calculated using the fol-
lowing equation [2], where « is the proportion of voltage dip, y represents the type
of voltage unbalance, for single-phase voltage dip y = 3, and for two-phase voltage

dipy = 2.
Vgr:” = (1 - s) Vsm

-1 K
Vsm = ;V

sm

(9.3)
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9.2.1 Rotor and Stator Currents

According to the DFIG model described in Chapter 5, if the stator resistance is
neglected, the steady-state expression of the stator flux y,, can be written as
(1, 2]
N 1))
— D 4y OV e — 4 Vsdg_ o2yt 9.4)
Ysdg = V/qu Wvdq = jws st .
(+1)
where y_ dg
stator flux.
Assume that the steady-state rotor current can be expressed as

and WS(;;) are the positive- and negative-sequence components of the

. +1 )
g = gy iy e 9.5)
where z(r;ql) and z( l) are the positive-sequence and negative-sequence components of

the rotor current, respectively.
According to the DFIG model described in Chapter 5 and neglecting the
rotor resistance, the positive-sequence component of the rotor voltage v(+ql) and

the negative-sequence component of the rotor current i=h
rdq

(1,2,4,38]

can be expressed as

m

d . . Ly, (d .
Vidg = <Rr + GLrE +]a)slGLr> Lrdg + L_ <d_l +]a)sl> Ysdg
s

~ < L j + jwgyoL, > < D +i(_1)e_-i2wst>

rdq
L J (+1) V(—l)
. d sdqg i
I <_ +st1> Dl T
Ls dr JWg —JWy

= jo, ZGL D g T (2w, + wy) O'L,i(r;;)e_jzwsl

L <ﬂv(+1) L 2ot oy v(—l)e—j2w3t>

sd sd
Ls s 44 — Wy 44

D 4 YD
<]a)ylaL i Sl sdg >

2w, + wy L
(=1 l (=1)
+< ( 2w, +a)sl)0'L Ldg + ——"y

sd
— Wy Ls 44

> e 205t (9.6)

where L, is the equivalent mutual inductance between the stator and rotor windings,
L, and L, are the equivalent self-inductances of the rotor and stator windings, respec-
tively, c = 1 — Li / (LSLr), R, is the resistance of the rotor winding, w; is the slip
angular velocity of the DFIG, w; is the angular velocity of the stator voltage, and S
is the slip ratio.
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The rotor voltage is controlled by the RSC, and if the negative-sequence voltage
is not controlled by the RSC, the rotor voltage is symmetrical and the rotor voltage
can be expressed as

(+1) (=D 2wy _  (+1D)
Vrdg = rdq vrdq et = Vrdq ©.7)

Combining equations (9.6) and (9.7), the following equation can be derived
(1,2,4,8]:

(+1) (+l) (+1) ~ (+1)
Vedg Sl Ln Vedg +jogoL,i Slvsdq
2w, +wy L
. (— 1) s sl =m _(=1) _
<J(—2ws+wsz)0L g ¥ T L, s =0 9.8)
( D V(—l)
(1) Lm sdq _ lﬂ sdg
L = Trg L jooL, L, X, (—jw,)

where X ;. (—jw,) = —jw,cL, is the negative-sequence impedance from the grid volt-
age to the rotor current. Therefore, under the unbalanced grid, the negative-sequence
components may occur in the rotor current. The complete expression of the rotor
current is given as [1, 2, 4, 8]

=D =D
o L Tsde oy L Tsda o pay

frdg = {yg L, jo,oL, " Lo X, (—jo,)

(9.9)

Substituting equations (9.4) and (9.9) in the DFIG model described in Chapter
5, the steady-state expression of stator current can be derived as the following equa-
tion, where X, (—jw,) = —jw,oL, is the negative-sequence impedance from the grid
voltage to the stator current. It is usually in the range of 0.1-0.2 pu. Therefore, a small
negative-sequence voltage may cause large negative-sequence current at the AC side
of the GSC. [1, 2, 4, §]

Wvdq Lm .
lsdg = 7 — 7
Ls q Ls Ls raq
S (1) s =D
= qu — vsig_jzwst —_ <lﬂ> vsie_jzwst
stLs jwsl‘s Ls jwsal‘r

) ) -1
_ Vsdg ﬂl(ﬂ) 1+ L Vsdq o205t
ijLS LX rdq LSLVO- ijLS

»D
=D _ Vsdg o205t
qu JjogoLg

(=1)

1%

sd j
=0y Lo 9.10)
4 Xvis(_]ws)
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where X, ;,(—jo,) = —jo,0L, is the negative-sequence impedance from the grid volt-
age to stator current and it is usually in the range of 0.1-0.2 pu. Therefore, a small

negative-sequence voltage may cause a large negative-sequence current in the stator
of the DFIG as well.

9.2.2 Active and Reactive Powers

According to the expressions of the grid voltage and stator current, the stator active
power under unbalanced grid can be written as [6, 7]

_ . (HD) (D (=1 (=D
Ps = I'SRe(vsdqlsdq) =1 5RC< qu vdq +v vdq sdq )

1. 5Re< (+1>( 1)*e,zm NCFCRIEN _,2m>
sdq

vdq sdq
— pO (2)
= PO 4 P 9.11)
where
r(0) (+1) -(+1) (1)(1)
_ +1) (+ D)% *
Pg"=15Re <Vvdq vdq ?dq vdq >
v( )] ( 1)
dg xd
= 1.5Re[yPDtvD 2
dq “sd % (_
Y ths( ]a)v)
9 9.12)
(2) (D) (=D 2ot (-1 (+1)* o204t
Re <vsdq sa’q ¢ + vsdq sdq >
JED (=D
dg sd
= 1.5Re S*q S 4q e]2a)t v(dl)l(jj-l)* —j2wgt
X0 (=) s4qsda
“
PEO) is the fundamental component of the stator active power, which is com-

posed of the positive and negative-sequence components of the fundamental active
power. sz) is the second-order fluctuation component of the stator active power,
which is caused by the interaction between positive- and negative-sequence voltages
and currents. As shown in the equation, under unbalanced grid conditions, a second-
order fluctuation component is superimposed on the fundamental component of the
stator active power.

Similar to the active power, the stator reactive power can be expressed as

0, = 1.5Im(vyy,it, ) = O + 0P (9.13)
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where

(=D (==

_ _ d d
0¥ =15Im (&”i“”* B ) ”*) = 1.5Im |y tDHD 2

sdq sd. sdq “sd sdq “sd * (7

sdq “sdq sdq “sdq sdq “sdq Xw_s(]ws)
2 _ (+D) (=D jpawt (=D (+D* —jpawt
s = 1.5Im (deq Lidg e +Vsdq lag © ) 9.14)

(+1)_ (==

vsdq Vsdq ) (=1) (+1)=*
= 15Im| ————"" v i

X (_st) sdq “sdq

vis

e —J2w4t

QEO) is the fundamental component of stator reactive power, which is com-
posed of the positive- and negative-sequence components of the fundamental reac-
tive power. ng) is the second-order fluctuation component of stator reactive power,
which is caused by the interaction between positive- and negative-sequence voltages
and currents.

As shown in the expression of the second-order fluctuation components in the
stator active and reactive powers given in equations (9.12) and (9.14), it can be seen
that due to the small value of the negative-sequence impedance X, ;,(—jw,), a small
negative-sequence voltage may cause large second-order fluctuations in the stator
active and reactive powers.

According to the expressions of rotor voltage and current given in equations
(9.6) and (9.9), the rotor active power can be derived as

P, = 1.5Re <vrdqi;‘ dq)

b

sd p
= L5Re| v P[00 - S o
Ls Xvir(_]a)S)
I v(+1)v(—1)*
d sd p
— 1.5Re <v(+1)i(+1)*) ~ 152 Re| 21 2o, 9.15)
rdq “rdq Ls Xvir(_]wS)

. L . .
Since vgql) ~ S,vgz(:) and R 1, the rotor active power can be written as a
h s

function of the grid voltage:

YD =D

0 ) 1) (4 1) sdq ~sdq )
P, = PO 4+ P » 155Re <v§dq i )— 15§ Re| o= ——=€""|  (9.16)
(—jwy)

vir
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where

P~ 5,P"

(D), (D
YD ©.17)
PP ~ —1.58Re| 2424 20g
X (—jwy)

vir

Therefore, the rotor active power consists also of the fundamental component
P(,O) and the second-order fluctuation component Piz). The second-order fluctuation
in the rotor active power will flow into the DC bus through the three-phase bridge for
the RSC and causes fluctuations in the DC-bus voltage.

9.2.3 Electromagnetic Torque

Combining the expression of stator flux shown in equation (9.4) and the expression
of stator current shown in equation (9.10), the electromagnetic torque can be derived
as [1, 2, 4, 8]

T,, = 1.5n,Re (stdqijdq)

YD =D NCE
sdg_ 849 —jog || +D* g o
Jwy Jwy sdq X (_.]wg)

vis

= 1.5n, Re

i LD (D
= 1.5-2 Re|yDicrhs _ 54 vda

d d * H
Dy o Xvis(_]w-‘)

(D (D=

+ 1_5n_p Re| 2% 544 jpog _ (=D (+Dx =2

* : dq “sd
@ Xvis(_]ws) R

_ 0 2
=T + T3 (9.18)

where Té(,)n) and Téfn) are the fundamental and second-order fluctuation components of
the electromagnetic torque, respectively, which can be expressed as

( (=1 (=)«

0) " FDFDx_ (=1) (=D " D)+ Vsdg sdg
Temzl.S—Re‘,(v i —v_ i )=1.5—Re Vo ————
(0]

;4 sdq “sdg sdq “sdq sdq “sdg X\Tis(_jws)
n
(2) _ 4 (+D)(=Dx_jpwg _ (=D (+D* —wt
AT, = l.SwS Re (vsdq g ¢ Vidg 'sdg © ) (9.19)

n V(+1)V(—1)*
= 15_17 Re Mejzmjt _ v(_l)i(+1)*e_j2th
[0} X* (—jwy) sdg “sdgq

s vis
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Note that the expression of T( ) is composed of two terms: (1) the product of
the fundamental positive-sequence voltage and the fundamental negative-sequence
current, (2) the product of the fundamental negative-sequence voltage and the funda-
mental positive-sequence current. Since the value of X, (s) is usually in the range of
0.1-0.2 pu, under rated stator current, the first term is more than five times the second
term. Thus, under unbalanced grid voltage, the main factor inducing the second-order
fluctuation in the electromagnetic torque is the negative-sequence stator current. The
second-order fluctuation in the electromagnetic torque will result in vibration of the
motor shaft, causing fatigue in mechanic components such as the shaft and the gear-
box, affecting the safe operation of the DFIG system. If the negative-sequence stator
current can be suppressed, the second-order fluctuation in electromagnetic torque
will be largely reduced, thus mitigating the impact of grid unbalance on the DFIG
system.

9.2.4 Simulation on the Influence of Grid Voltage Unbalance

A transient simulation is done on a 1.5 MW DFIG system to observe the influence of
grid voltage unbalance on the stator current, the rotor current, and the electromagnetic
torque. The transient response of the DFIG system when a 30% single-phase voltage
dip happens at 0.1 s is shown in Figure 9.2.

As shown in Figure 9.2, a large negative-sequence stator current and electro-
magnetic torque fluctuations are induced after the voltage dip, which largely affects
the power quality and even safe operation of the wind power system.

9.3 GSC UNDER UNBALANCED GRID VOLTAGE

9.3.1 Grid Current

According to the model of the GSC presented in Chapter 5, the voltage vector equa-
tion of the GSC can be written as [1, 2]

d .
Vsdg = R lgdq gElg"‘f + jo L lgdq Vedq (9.20)

If the negative-sequence components are not controlled by the GSC, then the
voltage at the AC side is symmetrical:

1
Vedg = ;;q) 9.21)

Assume that the AC current of the GSC can be expressed as

: (D =D oy
g = gy 1500 9.22)
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Figure 9.2 Simulation results for a 1.5 MW DFIG system when 30% single-phase voltage
dip happens at 0.1 s. From top to bottom: three-phase grid voltage, three-phase stator current,
three-phase rotor current, and the electromagnetic torque.

Under unbalanced grid, substituting equations (9.21) and (9.22) in equation
(9.20), the following equation can be derived [1, 2, 4, 8]:

d . . .
Vsdg ™ g rtedg +JosLglodg + Vedq

=1L, (i + ja)s> (i(“) + i(‘”e-ﬂws’) + D

dt gdq gdq gdq
_ S C o ) RS C D wIoN (+1)
= Lg (J sledg Ja)ngdq e ) + vgdq
= joo,L,i"V 4y _ g D gi2et (9.23)

5787 gdq gdq 5'gdq
Combining the expression of the grid voltage shown in equations (9.1) and

(9.23), the relations of the GSC voltage vg;;) and GSC negative-sequence current
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(=1)

i/ with the grid voltage can be expressed as

gdq
(+1) (+1) (+1) +1) . (+D
qu —]a)Lgtgdq vgdq :}'ngq stdq
-1 -1
2D = i i) o D = Vg Vg 024
sdq —joy ¢dg gdq Ja) L, Xvig(_ jo,)

where X,;,(—jw,) is the negative-sequence impedance from the grid voltage to the
grid-side current of the GSC, X,;,(—jw,) = —jw,L,, which is typically about 0.1-0.2
pu. Therefore, a small negative-sequence voltage may cause large negative-sequence

current at the AC side of the GSC.

9.3.2 Active Power of the Generator

The active power flowing into the GSC is [6, 7]

— ) — D DE D (=D e
Py = L5Re(v, i) = 15Re( Veia Loda + Veda tedg € )
= pO 4 p@
_Pg +Pg (9.25)

where P;,O) is the grid-side fundamental active power, Pi,z) is the grid-side second-
order fluctuation active power, of which the expressions are given by the following
[6, 7]

P(O) 1.5Re ( (+1) . (+1)*> 15Re< +1); (+1)*)

gdq dg _sdq sdq
1 (-1
@ DD o Vizq)vidq)* 2 20
P =1.5Re( efwf)~15R a9 oyt
8 Vedq 'gdq X* (—jwy)
vig s

From the expression of P(Z), it can be seen that a small negative-sequence volt-
age may cause a large second-order power fluctuation. The fluctuation power will
flow into the DC-bus capacitor through the GSC causing fluctuations in the DC-bus
voltage as well.

9.3.3 DC-Bus Current and Voltage

In a back-to-back converter system connected by a common DC bus, the active power
flowing into the DC-bus capacitor consists of active powers from the rotor side and
the grid side. A schematic diagram of the power flow definitions in a DFIG system is
shown in Figure 9.3.

As shown in the figure, on neglecting the losses of power converters, the active
power flowing into the DC-bus capacitor can be written as

— — 0) 0 2) (2
Pep =Py =P, = (P(g e )) + (P; e )) 9.27)
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Figure 9.3  Schematic diagram of the power flow definitions in a DFIG system.
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By controlling the DC voltage, the GSC is usually able to keep good track of
the fundamental power of the RSC, that is, Pi,o) = P(,O), and the DC-bus voltage is
controlled at a constant value. Given the above-mentioned conditions and substitut-
ing equations (9.17) and (9.26) in (9.27), the active power flowing into the DC-bus
capacitor can be derived as [6, 7]

(+1). (=D (+1) (=)=
(2) (2) Vsdg Vsdq 2wt Vsdg Vsdg Dot
Pwp =Pg - P ~15Re X*—'e] s+ 1.55,Re| ———¢&/“%s
vig(_']ws) Xvis(_‘]w"')
= 1.5Re [vFD,CD* L, _ 5 2ot (9.28)
sdq " sdg ing(_jws) X:ix(_ja)s)

As shown in equation (9.28), under unbalanced grid conditions, a second-order
fluctuation is present in the active power flowing into the DC-bus capacitor, of which
the magnitude is [6, 7]

1 + S,
X* (_jws) X (_jws)

vig vis

Pegpm = 1.5VEDYED

capm sm

(9.29)

Thus, the magnitude of the second-order harmonic current in the DC-bus
capacitor is

1 + S,
X* (_jws) X* (_jws)

vig vis

+1) ¢ (-1
_ Vor Vin

(2) _ Pcapm ~ 1
1=~ ~ 15
dc dc

(9.30)

Under unbalanced grid condition, the current of the DC-bus capacitor is pro-
portional to the negative-sequence voltage VE,;,D and decreases with larger negative-
sequence impedances. Since the negative-sequence impedances of the DFIG and GSC
are small, large second-order harmonic current will flow into the DC-bus capacitor
causing temperature rise in the capacitor and since the lifetime of the electrolytic
capacitor may be influenced by the temperature and a large second-order harmonic

current may cause significant reduction of the capacitor lifetime.
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The second-order harmonic current in the DC-bus capacitor causes also second-
order fluctuations in the DC-bus voltage. Assume that the DC-bus voltage can be
expressed as

2 2) .
Ve = Ve + V) = Ve + VO sinQao,t + ) (9.31)
Combining with the equation of the DC-bus capacitor i, = C d:;“ , the magni-

tude of second-order fluctuation in DC-bus voltage is derived as

(2 +1) (=1
o _ L Vo Vi I (9.32)
dem ™ 2¢p C 20,CVye | X3, (SJwy) X (=jwy)

Since the AC-side voltage of the converter is the product of switching function
and DC-bus voltage, the second-order harmonic component in the DC-bus voltage
will cause a third-order harmonic voltage in the AC side of the GSC, which will
induce a third harmonic current on the AC side of the GSC. Meanwhile, low frequency
harmonic currents and voltages will be induced at the output of the RSC as well,
and the fluctuation of the DC-bus voltage will also affect the lifetime of the DC-bus
capacitor.

9.4 CONTROL LIMITATIONS UNDER UNBALANCED
GRID VOLTAGE

According to the analysis given in the previous section, the negative effects caused
by the grid voltage unbalances are:

1. Second-order fluctuation in the electromagnetic torque of the DFIG, causing
fatigue in mechanical components such as gearbox and shaft;

2. Large negative-sequence current causes increase in the winding loss of the
DFIG, thereby reducing the efficiencys;

3. Large second-order harmonic current flowing through the DC-bus capacitor,
reducing the capacitor lifetime;

4. Second-order harmonic component in the DC-bus voltage, causing third-order
harmonics in the AC-side output voltages of the back-to-back converter and
affecting the quality of the output current.

The electromagnetic torque fluctuation, second-order harmonic current in the
DC-bus capacitor, and second-order fluctuation in the DC-bus voltage are given in
equations (9.19), (9.30), and (9.32), respectively. It can be seen from these expres-
sions that in order to reduce the impact of the grid voltage unbalance on the DFIG
system, the impedance for negative-sequence voltage of the system must be increased
by improving the overall control scheme.
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Figure 9.4 Current control block diagram of the DFIG using a PI controller.

9.4.1 Control Limitations of RSC

If the conventional vector control scheme is adopted for the RSC as discussed in
Chapter 5, the current control block diagram of the DFIG can be depicted as shown
in Figure 9.4.

The impedance for the fundamental negative-sequence voltage of the system
can be written as

isdq(_j 2ws) _ 1
vsdq(_jzws) Xvis(_jzws)

Gvix (_jza)s) =

G1(9)/ L + G1(5)Gp ()G 1(5)G,(5) [ Ly + G1(5)Go()G ()L, [ L
L+ Gpi()Gy(5)G,(s)

s=—j20

(9.33)

The second-order fluctuation in the electromagnetic torque is

n
(2) — P (+D (=D pRws _ (=D (+D* —j2aw s
Tem =15 o, Re <vxdq lsdq ¢ Vsdq lsdq e )

nP *
= 15LRe (G},
N

Take the 1.5 MW DFIG system shown in Tables 5.1 and 5.2 as an example; if the
controller gain Kp of the PI controller ranges from 0.3 to 1.5, the control bandwidth
of the current loop changes from 100 to 500 Hz, and the control performance of the
DFIG system under unbalanced grid voltage is as shown in Figure 9.5.

If the slip ratio is 0.2, when the control bandwidth varies, the suppression of
the DFIG system on the fundamental negative-sequence voltage is shown in Fig-
ure 9.5a. As shown in Figure 9.5a, the suppression of the negative-sequence voltage
increases with an increasing gain of the PI controller, which indicates that the PI-
controller-based vector control is able to increase the negative-sequence impedance
to some extent. However, all the values of |G,;(=j2w;)| shown in Figure 9.5a are
above 0 dB, which means that the conventional control method based on the PI con-
troller is not able to effectively suppress the impact of the grid voltage unbalance

; (+1) (=D j2 (=D (+1)* —j2
(R0 WG R - DD o) (9.3
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vis

on the DFIG system. If the voltage unbalance factor is 20% (positive-sequence volt-
= 0.17pu), and the fun-
(+1)

damental positive-sequence current is set to i A = 0.5pu, Figure 9.5b shows the
second-order fluctuation in the electromagnetic torque under different bandwidths
of PI current control loop. It can be seen that with the increase of control bandwidth,
the second-order fluctuation of the electromagnetic torque decreases. However, when
the bandwidth is as large as 500 Hz, the magnitude of the electromagnetic torque
fluctuation is still quite as large as 0.25 pu. Therefore, adopting the conventional PI
control method, the negative effects of the grid voltage unbalance are not significantly
mitigated.

age |v$;)| = 0.83pu, the negative-sequence voltage |v§;ql)

9.4.2 Control Limitations of GSC

According to the model and control system of the GSC introduced in Chapter 5 and
taking the control delay into consideration, the block diagram of the GSC control
system can be depicted as shown in Figure 9.6.

In Figure 9.6, G, (s) = 1/(Lys + Ry), K, = 1.5V, / V.

As shown in Figure 9.6, the grid voltage v,,, and rotor-side DC current i,
are the disturbances of the GSC control system. Under unbalanced grid, vy, and i,
contain the second-order harmonic components, which may cause second-order har-

monic components in the capacitor current i,,. According to Figure 9.6, neglecting

Model of GSC

JogLyigg,

Figure 9.6 Block diagram of GSC control system using a PI controller.
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the influence of control delay on the current decoupling terms, the equation of the
current control loop can be written as

o (5) = [(z;j{ (s) igd(s)) Gpy(5)G 4(s) + vsd(s)] G gy (K, — iygels) (9.35)
Also, as shown in Figure 9.6,

i4d(8) = (icap(s) + i,4e(9)) /K, (9.36)

Substituting (9.36) in (9.35), the capacitor current is written as
icap(s) = ch(s)ig,‘gl(s) + GvC(S)Vsd(S) - Grc(s)irdc(s) 9.37)

where ch(s) is the transfer function from the d-axis reference of the grid current

i;j; (s) to the capacitor current icap(s), which represents the tracking performance of
current control loop. G,.(s) is the transfer function from the grid voltage v ,(s) to the
capacitor current i.,,(s), which represents the suppression capability of the current
control loop on the grid voltage disturbance. G,.(s) is the transfer function from rotor-
side DC current i,,.(s) to capacitor current i.,,(s), which represents the suppression
capability of the current control loop on the rotor-side DC current disturbance. Based
on the block diagram shown in Figure 9.6, a detailed expression of these transfer
functions are shown below:

i (s) K, G, (5)Gp(5)G,(s)
Goels) = —= = ( )(;’ ( )G”’( ) (9.38)
/ N N N
lgd (S) V5a=0,114:=0 o o ¢
i.,,(8) K, G, (s)
G,(s) = — = L (9.39)
Vea(s) l.er 0,7, =0 L+ Gy (5)Gp(5)Gy(s)
gdq *frdc
i...(s)
G,.(5) = —2 =1 (9.40)
trde(S) [imf _., =0
gdqg™ sd

Given the above expressions, the closed-loop transfer function of the grid cur-
rent G;(s) and the transfer function G ,,(s) from the grid voltage v,,(s) to the grid

vig
current ig d(s) can be derived as

G i) = Loq(s) _Gee(s) G ()Gpy(5)Gyls) ©41)

el50 ™ ref T K,  1+4G,()Gp(5)G(5) '
fed (5) Vg =0,i,4o=0 “ & o 4

G (s) = Igq(s) _ G,.(s) _ Ggp(s) 9.42)

uig Va(s) irej ~0,/,,=0 K, 1+ Ggp(s)GPI(s)Gd(s)
gdg rdc

Figure 9.7 shows the suppression capability of the GSC on the grid voltage and
rotor-side DC current disturbances. Similar to the RSC, with an increase of current
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Figure 9.7 Suppression capability of the GSC on grid voltage and rotor-side DC current
disturbances: (a) Suppression of grid voltage disturbance G,,,(s); (b) suppression of
rotor-side DC current G, .(s).

vig

loop bandwidth, the suppression capability of negative-sequence grid voltage distur-
bance is improved to some extent. However, the suppression is still relatively low
when the bandwidth is increased to values as large as 500 Hz. As shown in Figure
9.7b and equation (9.40), the current control loop cannot suppress the disturbance of
rotor-side DC current, and the magnitude—frequency characteristic is the 0 dB line.
Therefore, the conventional current control scheme is not able to mitigate the impact
of the negative-sequence grid voltage on the AC current of the GSC and the DC-bus
capacitor current.

Moreover, the DC voltage outer loop shown in Figure 9.6 also contains the
disturbance terms vy, and i, thus the suppression capability of the DC voltage outer
loop on the rotor-side DC current disturbance i,;. must be considered. Substituting
the inner current loop with the expression given in equation 9.35, the block diagram
of DC voltage outer loop can be depicted, as shown in Figure 9.8.

In Figure 9.8, G,.(s) = 1/Cs. The transfer functions from the disturbance terms
i,q- and v, to the capacitor current can be derived according to Figure 9.8:

sdq
G _ icap(S) _ G 9.43
re_o(8) = i) 1+ Gpi(5)Gy ()G (5) O4
G _ imp(s) _ G 9.44
veo($) = Via(8) 14 Gp(9)Gye()G(s) 04
Vd';gf+ vd(‘

Figure 9.8 Block diagram of the GSC DC voltage outer loop.
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Figure 9.9 Suppression capability of voltage outer loop shown in Figure 9.6 on the
disturbances.

With the introduction of the DC voltage outer loop, compared to the
original current loop, the damping of disturbance is increased by a factor of
(1 + GPI(s)GgC(s)GC(s)). Therefore, the suppression capability of the voltage loop
on the disturbances is determined by the following equation:

1
Cratl$) = 737 Gp1(9)G o (5)G(5) ©-45)

Usually, the crossover frequency of the outer loop is lower than 1/5 of the inner
loop. If the crossover frequency of the inner current loop is set to 100 Hz, 250 Hz,
and 500 Hz, the appropriate outer loop crossover frequency should be 20 Hz, 50 Hz,
and 100 Hz, respectively. Figure 9.9 shows the magnitude—frequency characteristics
of G,;(s) under these three crossover frequencies. As shown in Figure 9.8, the outer
loop has good suppression for low frequency disturbances below 10 Hz. However,
at the fundamental negative-sequence frequency of 100 Hz, |Gvcl(s)| is near 0 dB,
which means the voltage outer loop is not able to suppress the disturbances with the
frequency of 100 Hz. In other words, the voltage outer loop utilizing the PI controller
does not have any suppression capability on the disturbances caused by unbalanced
grid voltage.

9.4.3 DC-Bus Capacitor Current and Voltage

Considering the effects of control, the actual output voltages of the GSC and the RSC
contain negative-sequence components. According to the definitions of power flow
shown in Figure 9.3, the actual active powers flowing into the GSC and RSC are
[6, 71:

_ s\ D% | (=1) (=D
P, =15Re (vgdqlgdq> =15Re (ngq lodg T Vedq Ledg )

D) (=Dx _pat (=1 (+1)= —ijSt)
+1.5Re<vgdq1gdq e +vgdq logg ©

— p0) (2)
= PO 4 P (9.46)
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_ I _ (+1) (+1)= (=1).(=1)*
P, =15Re (Vrdq’rdq) =1.5Re (vrdq big T Vidg g )

+1.5Re <v<+”,-(-1>*61‘2wxz + v(_])i(+1)*e—j2a)xt>
rdq “rdq rdg ‘rdq

— p©® (2)
= PO 4 P 9.47)
Then the active power flowing into the DC-bus capacitor can be written as

2 2
Pwp=Pfg>—P§>

_ +D)(=Dx ot | (—1)(+D)x —j2a)st)
—1.5Re(vgdq Lodg e +vgdq logg ©

; D(=D# i D+ —j
—_ 15 Grc(—jza)s) Re (Slviji—q)l;dq) é‘lzwst + vg.dq)li;'q )*e ]20);!) (9.48)
It should be stated that since the value of G,.(—j2w,) is mostly a real num-
ber, it can be directly multiplied with the active power that is flowing into the DC
capacitor through the RSC, as shown in equation (9.48). In equation (9.48), the terms

D D Cand i(r;q]) are determined by the conditions of the grid and wind turbine

dq * “gd
vgh(i]ch grg independent of the controllability of the voltage unbalance of the convert-
ers. However, the negative—sequen(ie out?ut voltages of the converters v;;;) , v(r;l) and
the negative-sequence currents ifg dq)’ i(r;q) are closely related to the converters” con-
trollability of the negative-sequence components.
According to the RSC control scheme shown in Figure 9.4, the transfer function

from the grid voltage to the rotor current can be written as
irdq(s) _ Gl (S)GZ(S)GP(S)
Vsdg() L+ Gpi(5)Gy(5)G,(s)

With the introduction of closed-loop control, the negative-sequence currents
(=1 (=1
1

d

Gir(s) = (9.49)

, 1~/ can be obtained with the following equations:

gdq > “rdgq
(1) _ (=1 ,
lodg = Vsdg G, jp(—j20y)
1 1 (9.50)
irdq = Vidg G, (=j2w,)

According to the block diagrams of RSC and GSC control systems shown in
Figures 9.4 and 9.6, and considering that there is no negative-sequence component
in the current reference in the conventional control scheme, the negative-sequence
output voltage of the GSC and the RSC can be obtained by the following equations:
( (-1 T .

v = {=65,06.0 (1,6 =i, ) }

8dq s=—j2wg

= G} (=j20)Gy(=20)il,)
J 9.51)

o= {G;,I(S)Gd(s) ()=, dq(s)) }F_,-z%

= —G;I(—jwa)Gd(_szs)lfg;(jl)
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Figure 9.10 Magnitudes of capacitor current (a) and second-order harmonic DC voltage (b)
when the voltage unbalance factor is 20% and slip ratio is 0.2.

In equation (9.51), to distinguish the PI controllers of GSC and RSC, the super-
script “g” stands for the GSC and the superscript “r” stands for the RSC.
Substituting (9.50) in (9.51), the following equations can be derived:
-1 , ; ; -1
Vo, = G (200G (=20, G (=20 V) o)
-1 - , , . -1 ’
Vi) = =G (200G (=j20,)G i (<20,
Substituting (9.50) and (9.52) in (9.48):

(=2w,)e>!

- (1) (=D e
P, =15Re {vsdq Vedg Gw.g

(+Dx (~1 . , . i
+ <lg(,f-;q)*Vidq)Gi’I(_]zws)Gd(_szs)) G,ig(=120)e ﬂ“’f’}

~ 15G (720, Re { VD" S,G (<2 e

_ (igql)*v;q”G;,(—jzws)Gd(—jzws))

X Gy (—j2w,)e 25!} (9.53)

In equation (9.53), the suppression capability of the GSC on the negative-
sequence disturbances G,;,(—j2w,) and G,.(—j2w,) are determined by the control
parameters of GSC, and the suppression capability of the RSC on the negative-
sequence disturbances G,;,.(—j2w,) is determined by the control parameters of RSC.
Obviously, if G,;,(—j2wy) and G,.(—j2w,) can provide good damping characteristics,
the active power flowing into the capacitor P, can be largely reduced.

The relationship between the second-order harmonic current of the DC capac-
itor and P, can be expressed as

Pca
@ _ P
5, = v (9.54)

When the voltage unbalance factor is 20%, Figures 9.10-9.12 give the rela-
tionship between the magnitudes of capacitor current and second-order harmonic DC
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Figure 9.11 Magnitudes of capacitor current (a) and second-order harmonic DC voltage (b)
when voltage unbalance factor is 20% and slip ratio is O.

voltage with the control parameters when the slip ratios are 0.2, 0, and — 0.2, respec-
tively. In the figures, K, and K, are the proportional gains in the current PI con-
trollers of the GSC and RSC. The values of K, and K, are ranging from 0.2 to 1.4,
meaning that the open-loop bandwidth of the current loop ranges from 70 to 500 Hz.
As shown in Figures 9.10-9.12, when the DFIG is operating under a sub-synchronous
condition with a slip ratio of 0.2 and under a super-synchronous condition with a
slip ratio of — 0.2, the magnitudes of the capacitor current and DC voltage fluctua-
tion are quite large. At synchronous speed, since S; = 0, the positive-sequence rotor
voltage, the RSC, and GSC active power are all zero. The second-order harmonic cur-
rent in the capacitor is only introduced by the product of negative-sequence current
and a positive voltage of the GSC and the product of positive-sequence current and
negative-sequence voltage of the RSC; therefore the magnitudes of the capacitor cur-
rent and DC voltage fluctuations are relatively small at synchronous speed. As it can
be seen from Figures 9.10-9.12, under unbalanced grid conditions, the DFIG system
with conventional vector control experiences large second-order harmonic current in
the DC-bus capacitor which might increase the losses in the capacitor, increase the
core temperature of the capacitor, and significantly shorten the lifetime.

9.5 SUMMARY

According to the analysis given in this chapter, the DFIG system under unbal-
anced grid condition suffers from the second-order fluctuation in the electromagnetic

600
450
Ig;)m (A) 300
150

(b)

Figure 9.12 Magnitudes of capacitor current (a) and second-order harmonic DC voltage (b)
when voltage unbalance factor is 20% and slip ratio is — 0.2.
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torque, second-order harmonic current in DC-bus capacitor, second-order fluctua-
tion in DC-bus voltage, and third-order harmonics in the grid current. These negative
effects may cause significant lifetime reduction of mechanical components and the
DC-bus capacitor, as well as deterioration of the power quality. As shown in the anal-
ysis given in this chapter, if the conventional current control scheme is adopted for the
DFIG system, the system impedance in the fundamental negative-sequence voltage
is not largely increased, the second-order fluctuations in the electromagnetic torque,
DC voltage, and DC capacitor current are not significantly mitigated. Therefore, the
compatibility of the DFIG system to the unbalanced grid condition does not meet the
requirements if the conventional current control scheme is applied. Further improve-
ments on the control algorithm have to be made.
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CHAPTER 1 0

CONTROL OF DFIG WIND
POWER SYSTEM UNDER
UNBALANCED GRID VOLTAGE

10.1 INTRODUCTION

Many power system operators have issued grid codes that require the grid-connected
wind turbine to withstand certain voltage disturbances, such as transient voltage
unbalance, without tripping [1-4]. Some grid codes even require the wind turbine
system to operate properly with higher than 2% of steady-state grid voltage unbal-
ance. In China, standards issued in 2012 require that large-scale wind turbines should
withstand a steady-state voltage unbalance of 2% and a short-time voltage unbalance
of 4% without tripping [5], which can also be found in some other international stan-
dards, for example, N-50160 [6]. In order to meet these requirements, the wind turbine
systems must continuously develop and improve their performances.

In this chapter, the control schemes for DFIG wind power systems under unbal-
anced grid voltage are discussed. Resonant controllers will be used to resolve the
problems caused by unbalanced grid voltage: stator current unbalance and DC volt-
age fluctuation of the back-to-back converter.

10.2 CONTROL TARGETS

As demonstrated in the previous chapter, grid voltage unbalance causes numerous
troubles in the DFIG system. Since the stator of a DFIG is directly connected to the
grid, a negative-sequence component is added to the stator flux under unbalanced grid
voltage conditions. As a consequence, large negative-sequence currents flow through
the stator and the rotor of the DFIG, which causes a significant second-order har-
monic fluctuation in the electromagnetic torque and active and reactive powers are
also fluctuating in the stator and the rotor. The torque fluctuation causes fatigue in the
mechanical parts such as the gearbox and the shaft. In addition, the active power fluc-
tuations, which flow through the DC link capacitors from both GSC and RSC cause

Advanced Control of Doubly Fed Induction Generator for Wind Power Systems, First Edition.
Dehong Xu, Frede Blaabjerg, Wenjie Chen, and Nan Zhu.
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a large second-order harmonic current in the DC capacitors as well as voltage ripples
in the DC link. It results in higher power losses in the DC link capacitors and higher
operation temperature, which will shorten the lifetime of the electrolytic capacitors.

Therefore, to enhance the performance of DFIG system under unbalanced grid
condition, the following control targets can be adopted [17-19, 23]:

1. Constant output active power: eliminate the second-order fluctuations in active
power;

2. Balanced rotor current: eliminate the negative-sequence component in the rotor
current;

3. Balanced stator current: eliminate the negative-sequence component in the sta-
tor current;

4. Constant electromagnetic torque: eliminate the second-order fluctuations in the
electromagnetic torque.

During the operation of the DFIG system, the four control targets introduced
above can be selected according to the specific requirements.

10.3 STATOR CURRENT CONTROL WITH
RESONANT CONTROLLER

Many grid codes for grid-connected DFIG system have required that under unbal-
anced grid voltage dip, the DFIG system has to remain connected to the grid and
provide reactive current [7]. For example, the Spanish grid operator Red Eléctrica
requires the DFIG system to provide reactive current to help to recover the grid volt-
age under unbalanced grid voltage dip [8]. To achieve this, the negative-sequence
reactive current should be controlled to zero. Under such conditions, the control target
of eliminating the negative-sequence component in the stator current can be adopted
[20-22].

10.3.1 Control Scheme

Figure 10.1 shows the stator current balancing control scheme based on the resonant
controller. On the basis of the conventional stator current vector control scheme, a
stator current balancing control loop is added to control the negative-sequence sta-
tor current with the second-order resonant controller. The control scheme introduced
in Figure 10.1 is a closed-loop control scheme which is independent of the motor
parameters and negative-sequence component of the grid voltage.

10.3.2 Analysis of the Controller

Combining the stator current harmonics control introduced in Chapter 8 with the
stator current balancing control, the resonant controller consists of the second-order
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Figure 10.1 Stator current balancing control scheme based on the resonant controller for the
rotor-side converter of a DFIG wind power system.

Grid

resonant controller and the sixth-order resonant controller (shown in the dashed box
in Figure 10.1), of which the transfer function is given by the following equation [14]:

2K£2)wcs N 2K£6)a)cs
52 4+ 20,5 + 2w, $2 4 2w.5 + (6w,

Gr(s) = G2(s) + G(s) = (10.1)

According to the open-loop transfer function given in equation (8.30), the open-
loop frequency characteristics of the RSC current loop can be depicted as shown in
Figure 10.2. To depict the different figures, the parameters of the second-order res-
onant controller are chosen as K£2) = 20 and @ = Srad/s, and the parameters of the
sixth-order resonant controller are K£6) =20 and w = Srad/s. Figure 10.2a shows
the open-loop frequency characteristics with only the stator current balancing con-
trol, that is, Gg(s) = Gg)(s). It can be seen that since the resonant frequency is far
away from the crossover frequency, the second-order resonant controller does not
have much impact on the system phase margin, thus its influence on the system stabil-
ity can be neglected. Figure 10.2b shows the open-loop frequency characteristics for
both the stator current balancing control and stator current harmonics control. Under
such conditions, very large controller gains of the current loop appear at frequen-
cies of 100 Hz (the frequency of the negative-sequence stator current in dq frame)
and 300 Hz (the frequency of fifth- and seventh-order stator current harmonics in
dq frame). Such a feature ensures good control performance of negative-sequence
stator current and stator current harmonics. As shown in Figure 10.3, with the intro-
duction of resonant controllers, the damping of the negative-sequence grid voltage
increases from 8 to — 20 dB, and the damping of the fifth- and seventh-order harmon-
ics increases from 3 to — 24 dB.
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Figure 10.2  Open-loop frequency characteristics of the RSC current loop: (a) With only the
balanced stator current control; (b) with the balanced stator current control and stator current
harmonics control.

By adopting the stator current balancing control, the impedance of the DFIG
system on fundamental negative-sequence voltage becomes

1

X, (—j20,) = —————
WS( / a)S) Gvis(_jzws)

~ 1+ Gpi(5)Gy(5)G,(5) + Gr($)G ()G, ()L, [ L
G (9)/L; + Gy(5)Gp(5)G 1(5)G,(5) /Ly + G1()Gy(5)G ()L, /L

S ls=—j2w;

(10.2)

Compared to the expression without stator current balancing control, the
numerator of equation (10.2) has an extra term Gr($)Gy(9)G(s)Ly, /Lx which is

40
T
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3 L |2
= e
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Figure 10.3  Suppression capability of the stator current resonant control on grid voltage
disturbances.
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Figure 10.4 Relation between the control performance of DFIG system and the resonant

controller gain K,: (a) System impedance in fundamental negative-sequence voltage;
(b) second-order fluctuation in the electromagnetic torque.

determined by the resonant controller. Thus, as long as the gain of Gy(s) at 100 Hz
is large enough, the system will have sufficient impedance in the negative-sequence
voltage. The negative-sequence impedance and the electromagnetic torque under var-
ious gain K, of the resonant controller can be calculated as shown in Figure 10.4. As
shown in Figure 10.4, with the increase of K., the system impedance in the fundamen-
tal negative-sequence voltage increases linearly, and the second-order fluctuation in
the electromagnetic torque decreases. For example, when K, increases from 0 to 20,
|X,is(—j2w,)| increases from 0.5 to 12 pu and the amplitude of the electromagnetic
torque second-order fluctuation decreases from 0.25 to 0.05 pu.

Therefore, the adoption of stator current balancing control significantly
increases the system impedance in the fundamental negative-sequence voltage and
largely suppresses the electromagnetic torque fluctuation and enhances the compati-
bility of the DFIG system under unbalanced grid condition.

10.3.3 Experiment and Simulation Results

To verify the effectiveness of resonant-controller-based stator current balancing con-
trol method under unbalanced grid conditions, the experimental analysis is conducted
on a 30kW DFIG system testbed of which the detailed explanation about the sys-
tem will be given in “Part V: DFIG Test Bench” of this book. The PI controller
parameters of the RSC current control loop are K, = 0.36 and K; = 30. The second-
order resonant controller of the stator current balancing control is set as K, = 20 and
o, =5rad/s. In the experiments, phases A and B of the DFIG system are directly
connected to the 230V grid, and phase C is connected to the grid via a transformer
which produces an 11% voltage dip for phase C causing a 4% voltage unbalance. The
three-phase line-to-line voltages are shown in Figure 10.5.

The output active power for the steady-state experiment is 15 kW, while the
reactive power is set to zero, and the rotor speed is kept at 1200 r/min (0.8 pu). The
steady-state test results are shown in Figure 10.6. In the test results of the traditional
current vector control shown in Figure 10.6a, it can be seen that unbalanced grid volt-
age not only causes unbalance in stator currents, which may lead to uneven thermal
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Figure 10.5 Three-phase line-to-line voltage when the voltage unbalance factor is 4% on a
30 kW DFIG test system.

distribution among the windings but also causes large second-order fluctuation in the
electromagnetic torque, which affects the lifetime of mechanical components of the
DFIG system. When the stator current balancing control is applied, the impedance of
the control system in the negative-sequence grid voltage increases significantly and
eliminates the negative-sequence component of stator current and the fluctuations in
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(b)
Figure 10.6  Steady-state test results of traditional vector control and stator current
balancing control under 4% of grid voltage unbalance: (a) With traditional vector control;
(b) with stator current balancing control.
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Figure 10.7 Transient response of the DFIG when the stator current balancing control is
enabled: (a) Stator current and electromagnetic torque; (b) Stator current and rotor current.

Enabling time

the electromagnetic torque, as shown in Figure 10.6b. The stator current balancing
control provides a good solution for the negative effects caused by unbalanced grid
voltage on the lifetime of the DFIG and enhancing the compatibility of the DFIG
system in the unbalanced grid condition.

Figure 10.7 shows the transient response of the DFIG when the stator current
balancing control is enabled, where Figure 10.7a shows the waveforms of three-phase
stator current and the electromagnetic torque, and Figure 10.7b shows the waveforms
of three-phase stator and rotor currents.

As shown in Figure 10.7, before the stator current balancing control is enabled,
severe unbalance is present in the three-phase stator current, and the electromag-
netic torque experiences large fluctuations, and large harmonics can be observed in
the rotor current. After switching to the stator current balancing control, the sys-
tem impedance for the negative-sequence voltage increases significantly and thus
the negative-sequence currents are suppressed, leading to balanced stator currents,
reduced electromagnetic torque fluctuation, and reduced rotor current harmonics.
During the transition, the output of the resonant controller does not experience large
oscillations and thus a smooth transition of the control scheme is achieved. The results
of transient experiments further verify that the stator current balancing control is able
to improve the performance of the DFIG system under unbalanced grid condition.

To verify the effectiveness of stator current balancing control under unbalanced
grid voltage dip, simulations are done on a 1.5 MW DFIG system. Figure 10.8 shows
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Figure 10.8 Simulation results for a 1.5 MW DFIG system using traditional vector control
and stator current balancing control when 30% single-phase voltage dip happens at 0.1 s.
From top to bottom: three-phase grid voltage, three-phase stator current, three-phase rotor
current and electromagnetic torque: (a) With traditional vector control; (b) with stator current
balancing control.

the transient responses of the DFIG system when a 30% single-phase voltage dip
happens at 0.1 s.

In Figure 10.8a, when the traditional vector control is adopted, large negative-
sequence stator current and electromagnetic torque fluctuation are induced after the
voltage dip. While in Figure 10.8b, the stator current balancing control is adopted and
the impact of unbalanced voltage dip on the stator current and the electromagnetic
torque is reduced significantly, and the transition is smooth, which is beneficial for
the DFIG system when reacting to the unbalanced grid dip. Moreover, the simulation
also verifies that the introduction of stator current balancing control does not have
much influence on the stability of the overall DFIG system.

10.4 DC VOLTAGE FLUCTUATION CONTROL BY GSC

According to the analysis given in Chapter 9, under unbalanced grid voltage, a large
second-order harmonic current is flowing through the DC bus capacitor causing fluc-
tuations in the DC bus voltage [15, 16, 24]. The fluctuations in the DC bus voltage
cause the RSC and GSC to interact through the common DC bus and may destroy the
decoupled control of the RSC and GSC.
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In this section, the control scheme of the DC bus voltage and capacitor current
under unbalanced grid will be discussed and considering the requirements of stability
and modular design.

10.4.1 Challenges in the Control of GSC

DC capacitors and switching power devices are the critical components of a power
converter. The performance of these devices strongly influences the reliability of
the DFIG system and 20 years lifetime is required for the DFIG wind power sys-
tems, which demands the improvement of the reliability of DC capacitor to meet
such requirement. The major cause of the reduction of lifetime and decline of perfor-
mance of DC capacitors is the vaporization of electrolyte, which can be accelerated
by high temperatures. Take the GXR3 series electrolytic capacitor [9], from Hitachi
and widely used in wind power converters, as an example, the relationship between
lifetime and operating temperature is given as [9]

T (Ve \*P
L=Lyx2 10 X v (10.3)

where L is the estimated lifetime, L, is the lifetime when operating at the maximum
core temperature and rated ripple current, 7 is the maximum operating core temper-
ature, 7 is the actual operating core temperature, V is the reference operating volt-
age, and V is the actual operating voltage. As shown in equation (10.3) , the lifetime
of the electrolytic capacitor decreases exponentially with the increase of operating
temperature.

The operating core temperature of the electrolytic capacitor can be estimated
by the following equation [9]:

I 2
caq,
Teup = To+ (Ty = T,) X < I:) (10.4)

where T, is the ambient temperature, I, is the rated current under the maximum tem-
perature and /., is the actual current flowing through the capacitor.

Under unbalanced grid condition, the current flowing through the DC capac-
itor consists of high frequency switching ripple current and second-order harmonic
current. The equivalent RMS value of the switching ripple current on the DC side of
a single converter can be calculated using the following equation [10]:

3 3 9
Lo =11 |2M li + <£ - EM> coszqom-] (10.5)

pwm 4 T

where /,,,,; is the RMS value of converter output current, M is the voltage modulation

ratio of the power converter, which is defined as M = VV—"}z, and ¢,; is the power
dc
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Figure 10.9 Capacitor current and capacitor core temperature when the unbalance factor of
the grid voltage is 20%: (a) Equivalent capacitor current, converted to 100 Hz; (b) Capacitor
core temperature, ambient temperature 40 °C.

factor angle of the converter. Then the equivalent RMS value of capacitor current
caused by both the GSC and RSC can be expressed as [10]

Lepym = Ig%pwm + Irzpwm (10.6)

The currents of different frequencies have different influences on the wear and

tear of the capacitor. With the same RMS values, low frequency components have

larger effects than high frequency components. When evaluating the capacitor tem-

perature, the usually adopted reference frequency of the currents is 120 Hz or 100 Hz

by most capacitor manufacturers. In this example, the frequency of the switching rip-

ple current is 2 kHz, and provided by the guide book of GXR3 capacitor, the equiv-

alent RMS value of the switching component when converted to 120 Hz can be cal-
culated as [9]

I

, cpwm

awm = 713

(10.7)

Under unbalanced grid, the magnitude of the equivalent second-order harmonic
current flowing through the capacitor is [10]

L, =1% 4+ (10.8)

cap cap cpwm

According to equations (10.7) and (10.8) and combining them with the steady-
state relations of the DFIG introduced in the previous chapters, the relations of the
capacitor current and core temperature to the slip ratio S; can be depicted as Figure
10.9, where the voltage unbalance factor 7, was defined in Chapter 9 by equation
(9.2), the dashed lines represent the situation under balanced grid (z,, = 0) while the
solid lines represent the results under unbalanced grid with the unbalance factor of
20%. Under balanced grid, the capacitor current only consists of the switching com-
ponents. It is worth to notice that under balanced grid, when the slip ratio is zero, that
is, when the DFIG is rotating at synchronous speed, only zero vectors are effective
for RSC and the active current of GSC is zero, and since the RMS capacitor current
is not relevant with zero vectors, the RMS value of the capacitor current is also zero.

Compared to the situation under the balanced grid, under unbalanced grid volt-
age, the capacitor current and core temperature are both increased. Since the lifetime
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Figure 10.10  Architecture of a back-to-back converter based on a modular design from
ABB ACS800-67 series [11].

of the electrolytic capacitor decreases exponentially with the increase of core temper-
ature, unbalanced grid conditions may accelerate the wear-out of the DC capacitors.
Thus, from the perspective of enhancing the reliability of DC capacitors, reducing
second-order harmonic current in the DC capacitor is required. By over-rating the
DC bus capacitors, the fluctuation in the DC voltage can be mitigated, however at the
cost of higher material expense and higher weight. It would be desirable to develop an
improved control scheme to suppress the DC voltage fluctuations without the neces-
sity of increasing the DC bus capacitance.

10.4.1.1 Requirement of Modular Design
In wind power systems of the MW scale, based on the requirements of reliability,
power-scaling extensibility and ease of maintenance, wind power converters usu-
ally adopt modular design structure, for example, ACS800-67 series from ABB [11],
Prowind series from Converteam [12], and PM3000 series from AMSC [13]. Fig-
ure 10.10 shows the hardware architecture of the ACS800-67 converter designed by
ABB for MW-scale DFIG wind power generation. The typical modular structure is
adopted by the ACS800-67 converter, which is composed of two independent con-
verter modules, the GSC and the RSC, and each of the converter modules consists of
its own power circuit and control unit. The DC terminals of the power circuits of the
two converter modules are connected by a common DC bus. The control units of the
RSC and GSC are connected by a double strand optical fiber.

In the modular design represented by the ACS800-67, the control units of the
GSC and RSC are independent of each other and the communication between the two
controllers consist only of the transfer of on/off commands and operation status word
to coordinate the controllers. Such feature requires the control units of GSC and RSC
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to use not only independent sets of hardware but also independent and decoupled
control algorithms.

According to the analysis given in Chapter 9, under unbalanced grid voltage,
the fluctuation of the DC voltage is caused by the power fluctuations of both the GSC
and the RSC. Thus, from the perspective of suppressing DC voltage fluctuation, the
coupling between the power fluctuations of the GSC and the RSC challenges the
modular structure of a back-to-back converter.

10.4.2 DC Current Calculation

To control the DC voltage fluctuation, the current flowing through the DC capacitor
should be detected. However, in high power converters, to reduce the stray induc-
tances, the DC bus usually adopts a laminated bus bar structure which makes it dif-
ficult for the direct measurement of the capacitor current. Besides, in a back-to-back
converter with a modular structure, the DC capacitor current is divided into two parts:
the GSC side and the RSC side as shown in Figure 10.10. If the capacitor currents of
the GSC and the RSC are measured separately, the modular structure of the back-to-
back converter is lost.

To meet the requirement of a modular design, the capacitor current can be mea-
sured indirectly by detecting the DC bus voltage. Under unbalanced voltage condi-
tion, the capacitor current mainly contains the second-order component, thus only the
second-order harmonic capacitor current should be detected. The DC voltage under
unbalanced grid can be written as

Ve = Ve +V = Ve + V) sinQat + ) (10.9)
The corresponding DC capacitor current is
. d d 2) . 2
ieqp(t) = Cvge() = C (Vaet VD sinQao,t + @) = 20,CV<E) cosQwgt + @)
2
= 20,00t - T,/8) (10.10)

where @, is the initial phase of second-order harmonic capacitor current and 7 is
the grid frequency. As shown in equation (10.10), the magnitude of capacitor current
Icqp 18 the multiplication of the magnitude of second-order harmonic DC voltage v(dzc)
and the constant 2w,C, and the phase of the capacitor current is that of the second-
order harmonic DC voltage VEZZC) with a delay of 7 /8. For a grid frequency of 50 Hz,
the delay is only 2.5 ms and thus the time required for capacitor current detection is
able to meet the requirement of dynamic performance of capacitor current control.
It is worth noting that compared to the capacitance of the DC capacitor, the ESR is
relatively small with little influence on the accuracy of capacitor current detection as
shown in equation (10.10). Combining equations (10.9) and (10.10), the schematic
diagram of the capacitor current detection algorithm can be depicted as shown in
Figure 10.11. In the detection algorithm, the differential operation is replaced by a
time delay, which avoids the introduction of noise which might be brought by the
implementation of a differential operation.
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Figure 10.11  Schematic diagram of capacitor current detection algorithm based voltage
measurement.

10.4.3 Control Scheme

To enhance the reliability of the DC capacitor, the control scheme should be modi-
fied to increase the system’s impedance in the negative-sequence voltage so that the
impact of the unbalanced grid on DC bus capacitor can be mitigated. Besides, the
control scheme must be compatible with the requirements of the modular structure.

As shown in Figure 9.3, two disturbances are included in the current control
loop of GSC: grid voltage v, and rotor-side DC current i,;.. Under unbalanced
grid, both vy, and i, contain second-order fluctuating components. According to
the analysis given in the last chapter, conventional GSC control scheme cannot effec-
tively suppress the influence of the second-order fluctuations in the v,;, and i,;. on
the capacitor current.

According to control theory, as long as the disturbance is included in the closed
loop with sufficient loop gain, a little influence will be caused by the disturbance on
the output. In other words, the system has good suppression on the disturbance intro-
duced. Following such principle, as long as v, and i, are included in the closed loop
and the control loop has sufficiently high control gain, the influence of v, and i, on
the /., can be mitigated. The requirement can be satisfied by adopting PI + Resonant
controller for the DC voltage outer loop. However, such a method may affect the
system stability, which is not desirable.

The improved control scheme for the suppression of second-order disturbances
of vy, and i, is shown in Figure 10.12. On the basis of the GSC current control loop
shown in Figure 9.3, a capacitor current control loop is added so that the disturbances
Vy4q and i, are included in the loop. To suppress the second-order components in the
disturbances, the controller of the capacitor current control loop is designed to be a

second-order resonant controller Gg)(s). With a sufficiently large controller gain of

sdq

Gg) (), the impact of the disturbances on the capacitor current and DC voltage can be

. . GSC model
Yo - Jo,Lyig, e ittt
H .
e 4 P 4 i P CGo(s)l s Gy (5) Vae
ref Vedg —y v’ Ga(8)
_ +¥ 05 2dq T Weiq + 1

gdq +, = —
Gp;(5) el L,s+R,

Jo Ly i,

"‘\ Capacitor current
,,,,,,,,, I control loop

Figure 10.12 Block diagram of the capacitor current control scheme based on the resonant
controller.
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Figure 10.13  Block diagram of DC capacitor current second-order harmonic elimination
control based on the resonant controller.

GSC

mitigated. Neglecting the feedforward decoupling term, the GSC voltage command
ref .
is

gdq

ref _ _

V9 = <gdq+vgdq> (10.11)
where vg ;q = vg ¢IJ + jvg ; is the output of the PI controller for fundamental current

loop, at steady state vg [’iq is a DC component; vg dg = vg T jvifq is the output of the
resonant controller for capacitor current control loop which is used for the control of
negative-sequence current, under the unbalanced grid, vif dq is an AC component with
two times the grid frequency.

Adopting the capacitor current calculation method introduced in the Section
10.4.2, combining Figures 10.11 and 10.12, the complete block diagram of the DC
capacitor current second-order harmonic elimination control based on the resonant
controller can be depicted as Figure 10.13. A capacitor current second-order har-
monic control loop is added to the conventional GSC control scheme. Since the
capacitor second-order harmonic current is obtained indirectly by measuring the DC
voltage, no additional hardware detection circuits are needed. Moreover, the control
scheme does not depend on the control variables of the RSC, which is suitable for
wind power converters adopting a modular design.

10.4.4 Control Model

As illustrated in Chapter 9, the DC voltage outer loop is only effective in suppressing
the disturbances below 10 Hz, and it is not able to suppress the disturbance of 100 Hz.
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Figure 10.14 Block diagram of the GSC current control loop with the introduction of
capacitor current control.

Therefore, when analyzing the suppression capability of the GSC on the disturbance
of unbalanced grid voltage, only the control performance of the current loop should
be taken into consideration, while the outer voltage loop can be neglected. In Figure
10.13, the capacitor current loop only includes the d-axis loop, that is, Vg dg = vg 4
Combining with Figure 10.12, and considering that the d- and g-axis are decoupled,
the d-axis current control loop of the GSC can be further simplified as shown in
Figure 10.14. The d-axis current control loop of the GSC consists of two loops, that
is, active current loop and capacitor current loop. The active current control loop
controls the fundamental active power of the GSC and maintains a steady DC bus
voltage in coordination with the voltage outer loop. The capacitor current control
loop is in charge of suppressing the second-order harmonic current flowing through
the DC capacitor so that the DC bus voltage can be kept constant.

The loop equation can be derived according to Figure 10.14

[(lgdf (s) - igd(s)) Gpy(5)Gy(s) + (igf{;,(s) - iwp(s)> G ()G (s) + usd(s)]
X G (K, = i1ge(5) = g (5) (10.12)
Since

i0d(8) = (icap(s) + i,ge(9)) /K, (10.13)

substituting (10.13) in (10.12), the following equation can be derived:
icap(8) = Gye(9)i15) () + G icap(5) + G5 (8) = Gre®inge(s) (10.14)

gc(s) is the transfer function from grid current d-axis reference irg (s) to the

capacitor current i, (s), which represents the tracking capability of the current loop;

ref

G,.(s) is the transfer function from capacitor current reference i.,,(s) to the capac-

itor current i.,,(s), which represents the tracking capability of the capacitor current
loop; G,.(s) is the transfer function from grid voltage u,(s) to the capacitor current
Icqp(s), Which represents the suppression capability of the current loop on grid voltage
disturbance; G,.(s) is the transfer function from rotor-side DC current i,,.(s) to the
capacitor current i.,,(s), which represents the suppression capability of the current

loop on rotor-side DC current disturbance. The detailed expressions of these transfer

where G
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functions are listed as follows:

.cap(s)

ref( )

Gools) =

i1 ()=0,v,4(5)=0.i,o(5)=0

K, gp(s)GPI(s)Gd(s)
= ) (10.15)
L4+ Gy, (9)Gp(5)Gy(s) + K, G ()G " (5)G 4 (5)

Gt = 22
cap (S)

’ef 7 (5)=0,9,4()=0,1510(5)=0

K, G ()G ()G 4(s)
= 5 (10.16)
1+G p(S)GPI(S)Gd(S) + K, (s)G (5)G,(s)

uGgp
Leap($)

G,.(s) =
ve(s) )

’“f 7 ($)=01720(5)=0,i,4(5)=0

= KuGy(®) (10.17)

1+ Gy ()Gp(5)Gy(5) + K, G o ()G ()G (5)

icap(s)

G =
" (S) rdc (S )

179 (5)=0,i757,(5)=0,1,4(5)=0
1+ G, (5)Gp(5)G ,(5)

- sp TP —~ (10.18)
1+Ggp(s)GP1(s)Gd(s)+ " gp(s)G ()G 4(s5)

As shown in equation (10.18), when Gg)(s) =0, G,.(s) = 1, the suppression
capability of the GSC on the i,,;. disturbance deteriorates to the situation with the
conventional control scheme.

According to Figure 10.14, the closed-loop transfer function of GSC d-axis
current loop can be written as

¢d($)

23‘0

Giel(s) = Kich(s) (10.19)

The transfer function from grid voltage v,,(s) to the GSC AC current igd(s) is
igd(s) 1

= —G,.(s 10.20
) " K, ve(8) ( )

According to control theory, the open-loop transfer function of the GSC current
loop can be derived from the denominators of equations (10.15)—(10.18):

Gyils) =

Goo(5) = G gp()Gp ()G 4(5) + K, G ()G ()G (5) (10.21)
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Figure 10.15 Open-loop frequency characteristics of the GSC current loop; solid lines

represent the situation with the introduction of capacitor current control, while dashed lines
represent the conventional control.

Take the 1.5 MW DFIG as an example, and the PI controller of the GSC cur-
rent loop is set to Kgp =1 and Kgi = 80, and the second-order harmonic resonant
controller is designed as K, = 20 and w, = 3 rad/s.

Figure 10.15 shows the open-loop frequency characteristics of the GSC current
loop with the introduction of DC capacitor current suppression control. In the figure,
solid lines represent the situation with the introduction of capacitor current control,
while the dashed lines represent the conventional control. As shown in the figure, with
the introduction of capacitor current control, the controller gain of the current loop at
the frequency of 100 Hz increases significantly. Besides, from the phase—frequency
characteristics, the stability of the current loop is not largely affected by the introduc-
tion of the capacitor current control.

Figure 10.16 shows the closed-loop control performance of the current loop,
where Figure 10.16a gives the frequency characteristic of the closed-loop transfer
function G,,(s) of the d-axis current loop, and Figure 10.16b represents the frequency
characteristics of the closed-loop transfer function G.(s) of capacitor current control
loop. As it can be seen from Figure 10.16b, at the frequency of 100 Hz, the magnitude
of G,.(s) is 1 (0dB), and the phase is 0, which illustrates a good capacitor current
tracking performance at 100 Hz. When the capacitor current reference i;fl);(s) =0,
the second-order current harmonic of the DC capacitor can be controlled to zero.

Figure 10.17 shows the suppression capability of GSC current loop on the dis-
turbances of the grid voltage and rotor-side DC current, where Figure 10.17a shows
the frequency characteristics of the transfer function G,.(s) from the d-axis grid volt-
age to capacitor current, Figure 10.17b shows the frequency characteristic of the
transfer function G,.(s) from the rotor-side DC current to the capacitor current. In
Figure 10.17, solid lines represent the situation with the introduction of a capacitor
current control, while dashed lines represent the conventional control. As shown in
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Figure 10.16  Closed-loop control performance of the GSC current loop; solid lines
represent the situation with the introduction of capacitor current control, while dashed lines
represent the conventional control: (a) Frequency characteristic of d-axis current control
closed-loop transfer function; (b) frequency characteristic of capacitor current control
closed-loop transfer function.

Figure 10.17, with the introduction of capacitor current loop, the damping of the dis-
turbance at 100 Hz by the current loop increases significantly, which indicates good
suppression capability of the GSC current loop on the second-order disturbances in
grid voltage and rotor-side DC current.

According to the expression of the magnitude of the second-order harmonic
capacitor current shown in Chapter 9, it can be seen from Figure 10.17 that since the
magnitudes of G,,,(—j2w,) and G, .(—j2w,) are significantly reduced by the capacitor

20 20
g g
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40 L 11l 40 [ 111
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90 90
B 45~ T 45 \
Q i)
,.% 0 '\-\._\\‘- A % 0 \
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£ 45 N £ 45
90 it 90
10 100 1000 10 100 1000
Frequency (Hz) Frequency (Hz)

(@) ()
Figure 10.17 Suppression capability of GSC current loop on the disturbances of grid
voltage and rotor-side DC current: (a) Suppression on grid voltage disturbance;
(b) suppression on rotor-side DC current disturbance.
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Figure 10.18 Relationship between capacitor current second-order harmonic and resonant
controller gain KX,.

current control, the magnitude of capacitor current second-order harmonic would thus
be largely reduced. When the slip ratio S; = 0.2 and the grid voltage unbalance factor
i8 20%, Figures 10.18 and 10.19 show the curves of the capacitor current second-order
harmonic and DC voltage second-order fluctuation with respect to controller gain K,
of the resonant controller in a 1.5 MW DFIG system. When the resonant controller
gain is zero, the capacitor current control is disabled, that is, the GSC adopts the con-
ventional control scheme. As shown in Figures 10.18 and 10.19, with the increase
of resonant controller gain, the fluctuations in the capacitor current and DC voltage
decrease. When the controller gain is larger than 20, the fluctuations are almost elimi-
nated. Therefore, by selecting an appropriate controller gain, the impact of the unbal-
anced grid on the DC bus capacitors in a wind power converter can be suppressed.

It should be noted that, in Figures 10.18 and 10.19, the RSC still adopts the
conventional current vector control. No extra controllers are added to deal with
the unbalanced grid. Therefore, the aforementioned control strategy can keep the
DC voltage constant independently from the GSC side without any dependence on
the RSC.

Combining with the GSC DC voltage loop described in Chapter 9, the open-
loop frequency characteristics of the DC voltage outer loop with the introduction of

20

Peak value of DC voltage
second-order fluctuation
V)

)

0 10 20 30
Resonant controller gain

Figure 10.19 Relation between DC voltage second-order fluctuation and resonant controller
gain K.
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Figure 10.20 Open-loop frequency characteristics of the DC voltage outer loop with the
introduction of capacitor current control.

the capacitor current control can be depicted as shown in Figure 10.20. Compared
to conventional control method (shown in Figure 10.20 as dashed lines), the phase
margin of the DC voltage loop is not significantly reduced, and it is illustrated by
solid lines. Therefore, the capacitor current suppression control based on the resonant
controller does not impose any impact on the stability of the voltage outer loop.

In general, with respect to the influence of unbalanced grid on the wind power
converter, the capacitor current control based on the resonant controller has the fol-
lowing characteristics:

1. The GSC’s impedance in negative-sequence voltage is largely increased so that
the capacitor current second-order harmonic and DC voltage fluctuation can be
suppressed.

2. The stability of GSC control is not influenced and the control system still holds
a large stability margin.

3. The modular structure of the converter is retained, and the control of GSC and
RSC are independent.

4. No additional hardware is needed as the capacitor current information is
obtained from a DC-voltage measurement.

10.4.5 Elimination of Third-Order Harmonic Current Introduced
by Capacitor Current Control

10.4.5.1 Analysis of Third-Order Harmonic Current
Under unbalanced grid, a second-order harmonic component is seen in the capaci-
tor current, if the input error of capacitor current control loop can be expressed as
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e;. = E;. cosQw,t + @), and if the gain of the resonant controller Gg) at the fre-
quency of + 100 Hz is K, and the phase angle is 0, the output voltage command v* ”

of the resonant controller of capacitor current loop shown in Figure 10.14 can be
expressed as

W

Ry = Kreic = KEjccosQayt + o) = Vi cosQayt + @) (10.22)

R — ; : R
where V= K, E;. is the magnitude of Vedg'

According to Euler’s equation, a sinusoidal component can be decomposed into
two conjugated vectors rotating in opposite directions, which can be expressed as

e JQugt+@g) 4 pi(Cwgt+@g)

R _ yR _ yR
Vedg = ng cos(Lagt + @) = ng 5 (10.23)

Therefore, the output voltage command of the resonant controller of the capaci-
tor current loop contains both positive-sequence and negative-sequence second-order
harmonic components.

According to Figure 10.14 and neglecting the feedforward decoupling terms,
the output voltage command of the GSC control loop can be written as

vref _ vPI + VR — VPI

g = Vatg T Vedg = Vatg T 05V gy, TEATHO0 £ 0.5V JSENHR0) (10.24)

Transforming (10.24) from the dg rotating reference frame into af stationary
reference frame, the AC voltage command in the af stationary reference frame can
be derived as

ref _ ref joit _ Pl jogt R ,—j —jot R j 3,
V=V el = VI ooy (0.5VE 90 ) et g (0.5VE e ) et (10.25)

As shown in (10.25), the three-phase voltage command of the GSC is com-

posed of a positive-sequence fundamental component V; éqe/“’s’ , negative-sequence

fundamental component (0.5V§me‘j(ﬂ0)e‘jw~", and positive-sequence third-order

harmonic component (0.5 VRmef‘”O )el3@s!_ The positive-sequence fundamental voltage
command is in charge of controlling the positive-sequence fundamental current
of the GSC, and the negative-sequence fundamental voltage command is used
to control the negative-sequence fundamental current of the GSC, however the
positive-sequence third-order harmonic voltage command may cause the GSC to
output third-order harmonic voltage leading to a third-order harmonic current from
the GSC.

10.4.5.2 The Extraction of Negative-Sequence Voltage Command

Based on dq Transformation

To avoid the introduction of third-order harmonic current by capacitor current con-
trol loop, the third-order component (O.Smeef“’O)eﬂ“’xt of the output voltage com-
mand of capacitor current loop has to be eliminated, extracting only the required
negative-sequence voltage command (0.5 nge‘j‘/’())e‘j“’s’ . Figure 10.21 shows a
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Figure 10.21 Extraction of negative-sequence voltage command based on dg
transformation.

method to extract the negative-sequence voltage command based on dq transforma-
tion. Since in the positive-sequence dg rotating frame, the negative-sequence volt-
age command rotates at an angular speed of — 2w, it can be transformed into DC
component by a dg transformation with the angular speed of 2w,. Then, the DC
component can be extracted by a low pass filter (LPF), and after an inverse dg rotat-
ing transformation with an angular speed of 2w, the required negative-sequence
(g;;)mf rotating at the angular speed of — 2w, can be obtained.
After the above operations, the obtained negative-sequence voltage command is
v;l;)mf = (O.5V§me‘/¢0)e‘f2“’s’ . In Figure 10.21, 6, is the phase of the grid voltage,
0, = wt + 0y, where 6 is the initial phase, ¢, = 20, — @,.

In Figure 10.21, the LPF can be a second-order Butterworth LPF with a transfer
function of [20]

voltage command v

1
Grpr(s) = . (10.26)
1+ \/E (s/w,) + (s/w,)
where w,, is the cut-off frequency of the LPF. According to Figure 10.21, the expres-

(=2)ref

sion of the negative-sequence voltage command Vedg

18

after the extraction algorithm

VO () = Gppp(s + 20, (10.27)

R
gdq
Thus, the transfer function of the capacitor current controller becomes
G?  (5) = GP()Gppp(s + j20,) (10.28)
R_LPF R LPF\S T J£Ws :

If the cut-off frequency of the LPF is 20 Hz, the frequency characteristics of
G pr(s + j2w,) can be depicted as shown in Figure 10.22a. The parameters of Gg) (s)
are K, =20 and w,.=3rad/s. The frequency characteristics of the transfer func-

tion GgLPF(s) are shown in Figure 10.22b. As shown in Figure 10.22b, the extrac-
tion method based on dgq rotating transformation is able to effectively eliminate the
positive-sequence third-order harmonic component, meanwhile, a large control gain
is maintained for the negative-sequence fundamental component.

Figure 10.23 shows the complete control block diagram of the capacitor current
control with a negative-sequence voltage extraction method as shown in Figure 10.21.
Since the positive-sequence third-order harmonic voltage command is eliminated,
the output three-phase voltage v, of the GSC does not contain the corresponding
harmonic voltage and therefore the harmonic distortion in the output current i, caused
by capacitor current control is eliminated.
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Figure 10.22 Frequency characteristics of the transfer function of capacitor current
controller: (a) Frequency characteristics of the transfer function G, px(s + j2w,);
(b) frequency characteristics of the transfer function of capacitor current controller.

10.4.5.3 Improved Capacitor Current Control Scheme Based on
Negative-Sequence Resonant Controller

According to the analysis given in Section 10.4.5.1, the root cause of the third-order
harmonic in the output of the current control loop is that the second-order harmonic
in the capacitor current can be decomposed into conjugated negative-sequence fun-
damental rotating vector and positive-sequence third-order harmonic rotating vector.
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Figure 10.23 Block diagram of the capacitor current control with negative-sequence voltage
extraction.
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Since the resonant controller G;ez), as shown in equation (10.1), has the same con-

troller gain Kfz) at frequencies of + 100 Hz, the harmonic component has the same
amplification as the negative-sequence component, causing a large harmonic in the
output command of capacitor current loop.

As illustrated in Section 10.4.5.2, the method of filtering the positive-sequence
third harmonic voltage command based on rotating frame transformation can
effectively eliminate the harmonic voltage command. However, large computa-
tional efforts are needed for a Park transformation, an LPF, and an inverse Park
transformation.

If the resonant controller only has a large controller gain at — 100 Hz (here the
minus sign represents the negative-sequence rotating direction), the output command
of the capacitor current control loop would only contain the negative-sequence control
command. In [14], a negative-sequence resonant controller is introduced of which the
ideal form can be written as

Ky 2COS

K,
G(s) = —L— =K, —j (10.29)
5+ j2w; 24+ Qw,)? 82+ Qw,)?

Similarly, the non-ideal form with a cut-off frequency of w, can be expressed
as [14]:
2K, w8 . 2K0.Qw,)
2 4+ 20,5 + 2w,)? _Js2 +2w,.5 + Qw,)?
(10.30)

where G( 2)(s) is the d-axis open-loop transfer function of the negative-sequence res-

G0 = GLP () +JG (o) ~

onant controller, G;;)(s) is the g-axis open-loop transfer function of the negative-
sequence resonant controller.

Given the parameters of the negative-sequence second-order resonant con-
troller GE;Z)(S) as K, = 25 and w, = 3 rad/s, the frequency characteristics of the trans-

fer function G;;Z)(s) can be depicted, as shown in Figure 10.24. As shown in the

figure, G;_z)(s) only has a large control gain at — 100 Hz which is the corresponding
frequency of the negative-sequence component in the positive-sequence dq reference
frame, while having a large damping for the positive-sequence third-order harmonic
component. Therefore, the negative-sequence second-order resonant controller can
effectively suppress the second-order harmonic current in the capacitor without intro-
ducing a third-order harmonic distortion in the output current of the GSC.
Combining equation (10.30) and Figure 10.13, the complete control block
diagram of the improved capacitor current control scheme based on the negative-
sequence resonant controller is shown in Figure 10.25. As shown in the figure, the
error signal of the capacitor current goes into the d-axis controller G( 2 (s) of G;_Z) (s)
obtaining a d-axis voltage command of the output of capacitor current control loop;
similarly the error signal of the capacitor current goes into the g-axis controller
G;;qz) (s) of G;e_z)(s) obtaining the g-axis voltage command of the output of capac-
itor current control loop. The output d- and g-axis voltage commands of the capacitor



10.4 DC VOLTAGE FLUCTUATION CONTROL BY GsC 283

= Negative-sequence
'% 20 fur}damental
E Positive-sequence
= third-order harmonic
» 0 /
=
20
-200 -100 0 100 200
180
W90
=
5 0
E
A -90
-180
-200 -100 0 100 200
Frequency (Hz)

Figure 10.24  Frequency characteristics of the transfer function G;_Z)(S), K, =25, and
®, =3rad/s.

current loop are added to the d- and g-axis voltage commands given by the fundamen-

tal current control loop respectively forming the d- and g-axis voltage commands VZ{

ref

and Vg

of the GSC. After the SVM modulation, gate drive signals are generated to

realize the current control targets of the GSC.

g

£ ™
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Figure 10.25 Block diagram of the improved capacitor current control scheme based on the
negative-sequence resonant controller.
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Figure 10.26  Schematic diagram of the back-to-back converter testbed.

10.4.6 Experimental Results

To verify the effectiveness of capacitor current control scheme, experimental tests are
done on a back-to-back converter testbed and a small DFIG wind power generation
testbed.

10.4.6.1 Back-to-Back Converter Testhbed

The schematic diagram of the back-to-back converter testbed is shown in Figure
10.26, where the DFIG is emulated by an inductor L,. The parameters of the testbed
are listed below:

Grid phase voltage, 220 V/50 Hz; rated power of the converter, 2.2 kW; DC
bus voltage, 650 V; grid-side inductor Lg, 15 mH; rotor-side inductor L., 15 mH; DC
bus capacitor C, 360 uF; converter switching frequency, 2 kHz; sampling frequency,
4kHz.

The GSC controls the DC bus voltage v,., and the RSC controls the output
AC current i,,,.. The power of the RSC is the load of the GSC. To emulate unbal-
anced grid condition, phase C of the testbed is connected to the neutral line of the
grid, causing an unbalance factor of 50%. The RSC is used as the fluctuation power
source of the GSC, causing second-order fluctuation in the DC current i,;. under the
unbalanced grid.

10.4.6.2 Experimental Results from the Back-to-Back Converter Testhed
Figure 10.27 shows the AC current i, . of the RSC under the unbalanced grid. Figure
10.27a shows the situation with no load. As shown in Figure 10.27a, the three-phase
AC current contains only negative-sequence component, causing fluctuations in the
DC bus voltage. Figure 10.27b shows the situation under half load and the magnitudes
of the three-phase currents are not equal under the unbalanced grid, and fluctuations
are contained in the active power. second-order fluctuation is also contained in the
DC current flowing from the RSC to the GSC, causing fluctuations in the DC bus
voltage. Also shown in Figure 10.27 is that the fluctuation magnitudes under zero
load and half load are almost identical, which indicates that the magnitude of active
current has a little influence on the DC voltage fluctuation.

When the current loop adopts a PI controller, the suppression capability of the
GSC current loop on the negative-sequence current is shown in Figure 10.28. As
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Figure 10.27 RSC waveforms under unbalanced grid with the DFIG operating at: (a) RSC
AC current i, =0 pu; (b) RSC AC current i, =0.5 pu.
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Figure 10.28 Suppression capability of the GSC current loop on negative-sequence current
with load condition of i, =0.5 pu: (a) Current loop open-loop bandwidth 100 Hz; (b) current
loop open-loop bandwidth 250 Hz; (c) current loop open-loop bandwidth 500 Hz.
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Figure 10.29 Capacitor current control performance under unbalanced grid with the load
condition of i, = 0.5 pu: (a) Current PI control; (b) capacitor current control based on
negative-sequence voltage extraction; (c) capacitor current control based on the
negative-sequence resonant controller.

shown in the figures, with the increase of the bandwidth of the current loop, the GSC
damping of negative-sequence current increases, and the second-order fluctuations
in the DC voltage decreases. However, although the bandwidth is increased up to
500 Hz, significant fluctuations are still present in the DC voltage. Therefore, the
suppression capability of the current PI controller on the negative-sequence current
is limited, and the impact of the unbalanced grid on the converter cannot be fully
eliminated.

Figure 10.29 shows the test results of the capacitor current control under the
unbalanced grid, where Figure 10.29b gives the test waveforms of the capacitor cur-
rent control based on negative-sequence voltage extraction, and Figure 10.29¢ shows
the test waveforms of capacitor current control based on the negative-sequence res-
onant controller. As shown in the figures, with the adoption of capacitor current
control, the amplitude of DC voltage fluctuation decreases from 10V to below 1V,
the DC voltage fluctuation is almost eliminated. Besides, due to the elimination of
negative-sequence current, the amplitudes of the three-phase AC currents are reduced
as well. Therefore, the capacitor current control can effectively eliminate the impact
of grid unbalance on the DC bus voltage as well as reduce the current stress on the
converter.
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Figure 10.30 Comparison of capacitor current control waveforms with the load condition of
i.=0.5 pu: (a) Current PI control; (b) capacitor current control without third harmonic
suppression; (c) capacitor current control based on negative-sequence voltage extraction;
(d) capacitor current control based on the negative-sequence resonant controller.

Figure 10.30 gives a comparison of the capacitor current control waveforms
with and without third-order harmonic suppression, where the four sets of waveforms
represent the situations with PI control, with capacitor current control without third
harmonic suppression, with capacitor current control based on negative-sequence
voltage extraction and with capacitor current control based on negative-sequence res-
onant controller, respectively. Compared to the PI control method, no matter with or
without third-order harmonic suppression, the second-order fluctuation in DC volt-
age is largely suppressed. However, as it can be seen from the harmonic analysis of
the phase-C current, large third-order harmonic is seen in the AC current of the GSC
under PI control and the capacitor current control without third-order harmonic sup-
pression. When the capacitor current control based on the negative-sequence voltage
extraction or the capacitor current control based on the negative-sequence resonant
controller is adopted, the third-order harmonic component in the AC current is sig-
nificantly reduced. Therefore, compared to the conventional PI control scheme, on
applying the two improved capacitor current control methods, not only the DC volt-
age fluctuation can be suppressed, but the output current quality of the converter can
be largely enhanced as well.

Corresponding to Figure 10.30, the waveforms of the capacitor current and
the output of the resonant controller is shown in Figure 10.31. When the capacitor
current control is not adopted, large second-order harmonic current flows through
the DC capacitor, as shown in Figure 10.31a. When the capacitor current control is
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Figure 10.31 Waveforms of the capacitor current and the output of resonant controller:
(a) Current PI control; (b) capacitor current control without third harmonic suppression;
(c) capacitor current control based on negative-sequence voltage extraction; (d) capacitor
current control based on the negative-sequence resonant controller.

adopted without third-order harmonic suppression, fourth-order harmonic current is
contained in the capacitor current, which is caused by the fourth-order fluctuation of
the active power introduced by the interaction between the positive-sequence third-
order harmonic current and the fundamental negative-sequence voltage. When the
negative-sequence voltage extraction method and negative-sequence resonant con-
troller are adopted to eliminate the third-order harmonic voltage command, the low
order harmonic components are significantly suppressed.

Figure 10.32 shows the transient process when the converter switches from
PI control to capacitor current control. As shown in the figure, after enabling the
capacitor current control, DC voltage fluctuation as well as the negative-sequence
current of the GSC are suppressed. The switching process is smooth, which illus-
trates that the capacitor current control loop does not affect the stability of the control

system.
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Figure 10.32 Transient process when the converter switches from PI control to capacitor
current control: (a) Capacitor current control based on negative-sequence voltage extraction;
(b) capacitor current control based on negative-sequence resonant controller.

Figure 10.33 shows the waveforms of capacitor current and output of resonant
controller when the converter switches from PI control to capacitor current control. As
shown in the figure, the capacitor current is significantly reduced with the introduction
of capacitor current control, and the transient process of the output command of the
resonant controller is smooth.

10.4.6.3 Experimental Results from the DFIG Wind Power

Generation Testhed

To further validate the effectiveness of capacitor current control under the unbalanced
grid, the experimental analysis is done on the 30 kW DFIG wind power generation
testbed. The schematic diagram of the testbed can be found in Figure 8.15. In the
experiments, a 11% voltage dip of phase-C voltage is used to emulate grid voltage
unbalance with an unbalance factor of 4%. In the steady-state tests, the stator output
active power is set to 10kW, the reactive power is zero, and the rotor speed is kept
at 1200 r/min (0.8 pu). In the tests, the PI parameters used for the GSC are K, = 1.2
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Figure 10.33  Capacitor current and the output of resonant controller when the converter
switches from PI control to capacitor current control: (a) Capacitor current control based on
negative-sequence voltage extraction; (b) capacitor current control based on the
negative-sequence resonant controller.



290 CHAPTER10 CONTROL OF DFIG WIND POWER SYSTEM UNDER UNBALANCED GRID VOLTAGE

i [20. 00ms/div]
Three-phase stator current ig,,.: 40 A/div

sabc*

AAAY; !
E Rotor gurrent i,,: 20 A/div
Pa e WMV

(a) (®)
Figure 10.34 Waveforms of the wind turbine under unbalanced grid voltage when the

conventional PI control is adopted, test conditions: stator active power 10 kW, rotor speed
1200 r/min (0.8 pu). (a) GSC waveforms; (b) DFIG waveforms.
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and K; = 100, and the PI parameters used for the RSC are Kp = 0.36 and K; = 30,
the resonant controller parameters for the capacitor current control loop are K, = 15
and w, =3 rad/s.

Figure 10.34 shows the waveforms of the wind turbine under unbalanced grid
voltage when the conventional PI control is adopted. As shown in the figure, 100 Hz
fluctuation is seen in the DC voltage, and capacitor current also contains low order
harmonics. Meanwhile, the AC current of the GSC and stator current of the DFIG are
unbalanced and harmonically distorted, and harmonic components are also present
in the rotor current.

When capacitor current control is adopted by the GSC, the GSC injects some
fundamental negative-sequence active current into the grid to transmit the second-
order power fluctuation generated by the RSC into the DC bus, thus keeping the DC
bus voltage almost constant, as shown in Figure 10.35. It should be noted that if
the rotor power fluctuation is too large, with the adoption of capacitor current con-
trol, severe unbalance may appear in the grid-side AC current, which may exceed
the maximum current rating of the GSC. To avoid such a problem, stator current bal-
ancing control introduced in Section 10.3 has to be adopted to suppress rotor power
fluctuation.
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i i i i i g e

.+ Capacitor.current: 10 A/div..... .
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Figure 10.35 Waveforms of the wind turbine under unbalanced grid voltage when capacitor
current control is adopted. Test conditions: stator active power 10 kW, rotor speed 1200 r/min
(0.8 pu). (a) Capacitor current control based on negative-sequence voltage extraction; (b)
capacitor current control based on negative-sequence resonant controller.
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Figure 10.36  Frequency analysis of capacitor current for the test waveforms shown in
Figures 10.34 and 10.35: (a) Current PI control; (b) Capacitor current control based on
negative-sequence voltage extraction; (c) Capacitor current control based on
negative-sequence resonant controller.

The frequency analysis of capacitor current is shown in Figure 10.36. When
capacitor current control is not adopted (i.e., current PI control is used), the capaci-
tor current not only contains components of the switching frequency, but also a very
large second-order harmonic component. Correspondingly, when the capacitor cur-
rent control is used, the 100 Hz component of the capacitor current is largely reduced.
Therefore, the impact of the grid unbalances on the DC bus capacitor is resolved,
which validates the effectiveness of the capacitor current control.

Because of the vaporization of electrolyte, the capacitance of the DC bus capac-
itor may vary during long-term operation. Usually, the DC bus capacitance varies in
the range of +20%. Tests are made to evaluate the influence of capacitor current cal-
culation error caused by capacitance change on the control performances and it is
shown in Figure 10.37. In the tests, the capacitance factor C in equation (10.10) devi-
ates from the actual capacitance value by —20% and +20%. As shown in the figure,
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Figure 10.37 Steady-state control performance when the capacitance deviates from the
actual capacitance: (a) Capacitance factor C deviates by — 20%; (b) capacitance factor C
deviates by +20%.
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Figure 10.38 Control performance of the capacitor current control under unbalanced grid
with the variation of rotor speed, Rotor speed is changing linearly from 0.9 to 1.1 pu and the
active power is kept at 10 kW: (a) Rotor speed is changing linearly from 0.9 to 1.1 pu; (b)
around synchronous speed, corresponding to the squared area of (a).

the deviation of capacitance has a little influence on the control performance, and the
fluctuation in DC voltage is still effectively suppressed. Thus, as long as an appropri-
ate controller gain is set for the resonant controller, the capacitor current control loop
can provide a proper negative-sequence voltage command to suppress the DC volt-
age fluctuation, which illustrates a good robustness of the capacitor current control
method.

Figure 10.38 shows the control performance of the capacitor current control
under unbalanced grid with the variation of rotor speed. In the tests, the rotor speed
changes linearly from 0.9 pu (1350 rpm, sub-synchronous) to 1.1 pu (1650 rpm,
super-synchronous). During the rotor speed transition, the active power is kept at
10kW. As shown in the figure, during the transition of rotor speed, the control of the
DC voltage is independent of the rotor speed variation, and the DC voltage fluctuation
is largely suppressed. Figure 10.38b shows the waveforms around synchronous speed,
where it can be seen that the rotor current contains second-order fluctuation, but the
DC bus voltage remains constant. Thus, the capacitor current control method is able to
maintain good control performance in the whole operation speed range of the DFIG.

To test the dynamic performance of the GSC, under balanced three-phase grid
voltage, the stator active power step changes from 0 to 0.5 pu (15 kW). The dynamic
response of the GSC is shown in Figure 10.39. As it is shown in the figure, after
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Figure 10.39 System dynamic response during power step change, stator active power step
changes from 0 to 0.5 pu (15 kW): (a) Capacitor current control based on negative-sequence
voltage extraction; (b) capacitor current control based on the negative-sequence resonant
controller.
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the step change of active power, the DC bus voltage dips for about 10 V and returns

to normal value after two grid cycles, which illustrates that with the introduction of
capacitor current control, the GSC remains to have good dynamic performance.

10.5 SUMMARY

Under unbalanced grid, negative-sequence voltage may cause fluctuations in the elec-
tromagnetic torque of the DFIG and the DC bus voltage of the back-to-back converter,
jeopardizing the safe operation of the wind turbine system. The conventional current
control method is not effective in suppressing the impacts of negative-sequence volt-
age on the DFIG wind turbine. To reduce the second-order fluctuation in the elec-
tromagnetic torque, a stator current balancing control method based on the resonant
controller is used to suppress the stator negative-sequence fundamental current, solv-
ing the problem of lifetime reduction caused by stator current unbalance and the elec-
tromagnetic torque fluctuation.

For the GSC, a capacitor current control method is adopted to suppress the
second-order harmonic current flowing into the DC bus capacitor, also resulting in
the suppression of DC voltage fluctuation. The capacitor current is obtained by a
delay algorithm of the DC voltage, avoiding the cost of extra current-sensing cir-
cuits. The control scheme is performed by the GSC independently not relying on the
power information from the RSC, making such a method suitable for large-scale wind
turbine systems adopting a modular design. Since the capacitor current control may
cause positive-sequence third harmonic in the output current of GSC, two methods
are used to eliminate the positive-sequence third-order harmonic voltage command
introduced by the capacitor current control loop which is the negative-sequence volt-
age extraction based on dq rotating transformation and negative-sequence resonant
controller. Steady-state and dynamic experiments validate that the capacitor current
control scheme has good steady-state performance without affecting the dynamic per-
formance of the system. The stator current balancing control together with the capac-
itor current control are able to enhance the performance of DFIG wind turbine system
under unbalanced grid condition.
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CHAPTER 1 1

DYNAMIC MODEL OF DFIG
UNDER GRID FAULTS

In this chapter, the dynamic model of DFIG under grid fault will be analyzed in de-
tail, including the model under voltage dips, during voltage recoveries, and under
recurring grid faults. The dynamic model of a DFIG under voltage dips with three
operation conditions—with rotor open circuit, with normal vector control, and with
the rotor-side crowbar are investigated. Both symmetrical grid fault and asymmetrical
grid fault are included. For the dynamic model of the DFIG during voltage recovery
and under recurring grid faults, the analysis is based on common fault ride-through
strategies of the DFIG, that is, using rotor crowbar under voltage dips but normal
control method under voltage recoveries. For DFIG under recurring grid faults, the
influences of the recurring fault parameters on the performance of DFIG are analyzed,
which includes the voltage dip level and the grid fault angle of the first voltage dip, as
well as the duration between two faults. Corresponding simulations and experimental
results are provided.

11.1 INTRODUCTION

As introduced in Chapter 3, the fault ride-through (FRT) requirements for wind tur-
bine system (WTS) have been carried out in many countries around the world. The
WTSs are required to stay connected to the grid during grid faults and provide reac-
tive power support. The grid faults will normally cause voltage dips at the terminal
of the WTS. For a WTS with a full-scale power converter, as the generator is fully
isolated from the grid by the power converter, the voltage dips will not be “seen” by
the generator directly. So the FRT ability of the system will be determined by the FRT
ability of the power converter [16]. However, with respect to the DFIG WTS, besides
the grid-side converter, the voltage dips will also influence the generator, as the sta-
tor of the DFIG is directly connected to the grid. As a result, the performance of the
DFIG under grid faults will be more complicated. Before discussing the advanced
FRT strategy of the DFIG, it is essential to pay attention to the dynamic model of
the DFIG under grid fault and to estimate the performance of the system under grid
faults.

Advanced Control of Doubly Fed Induction Generator for Wind Power Systems, First Edition.
Dehong Xu, Frede Blaabjerg, Wenjie Chen, and Nan Zhu.
© 2018 by The Institute of Electrical and Electronics Engineers, Inc. Published 2018 by John Wiley & Sons, Inc.
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Figure 11.1 Equivalent circuit of the DFIG represented in af frames.
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In this chapter, the dynamic model of DFIG under grid fault will be analyzed
in detail, including the dynamic model of DFIG under voltage dips, during voltage
recoveries, and under recurring grid faults. The dynamic model of the DFIG under
voltage dips with three operation conditions—with rotor open circuit, with normal
vector control and with rotor-side crowbar are investigated. Both symmetrical grid
fault and asymmetrical grid fault are included. For the dynamic model of the DFIG
during voltage recovery and under recurring grid faults, the analysis is based on the
common FRT strategy of the DFIG, that is, using rotor crowbar under voltage dips
but normal control method under voltage recoveries. For DFIG under recurring grid
faults, the influences of the recurring fault parameters on the performance of DFIG
are analyzed, including the voltage dip level and the grid fault angle of the first volt-
age dip, as well as the duration between two faults. Corresponding simulations and
experimental results are provided.

11.2 BEHAVIOR DURING VOLTAGE DIPS

11.2.1 Equivalent Circuits of DFIG under Voltage Dips

In order to analyze the performance of DFIG, the dynamic model of the DFIG in af
frame is rewritten in (11.1), and its equivalent circuit is shown in Figure 11.1 [17].

- -, d- - 2 2
S=Rl+d— v, =L, +L,i,
- - d- .. S, = 2
V, =R, +—y, +jo,y, v, =L.i.+L,i (1L.1)

dt

where V, v, are the stator and rotor voltages, respectively; _i;, 7, are the stator and
rotor currents, respectively; ., , are the stator and rotor flux linkages, respectively.
R, and R, are the stator and rotor resistances, respectively; L; and L, are the stator
and rotor inductances, respectively; and L,, is the mutual inductance.

11.2.1.1 Symmetrical Voltage Dips

The basic principle of a DFIG under voltage dips is that the stator flux of the DFIG
cannot be changed abruptly. As a result, a stator natural flux v, will be introduced to
keep flux continuity. The trajectory of the stator flux under 80% symmetrical voltage
dips is shown in Figure 11.2. Before the voltage dips, the stator flux vector y, is
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Voltage dip happens

(a) (b) (c)
Figure 11.2  Stator flux trajectory for the DFIG under symmetrical voltage dips: (a) before
dips; (b) at the dip instant; (c) after dips.

rotating with a grid voltage vector v (¥, = V,&/s"), when the dips happen at #,=0,
the voltage amplitude of the grid voltage vector ¥, is reduced immediately. However,
according to the flux conservation principle, the stator flux {; cannot change rapidly,
so a natural flux i, will hereby emerge, as expressed in (11.2).

- pV,
l//sn(t()) = ja)s (11.2)

S

where p is the voltage dip level, as also illustrated in Figure 11.2b [18].

As a result, the stator flux after the voltage dip is the sum of two components
with different frequencies. One is the stator natural flux (¥, ) produced by the voltage
dip, which is a time-decayed DC component in the stator af frame. Its decaying speed
is related to the operation of the DFIG after voltage dips, which will be introduced in
the following parts. The other is the stator-forced flux (l[_}sf) produced by the remaining
grid voltage v, = (1 — p)V,&/®s’, which is rotating with the grid voltage vector and
with the grid frequency w, which is shown in Figure 11.2b.

According to the superposition principle, the dynamic model of the DFIG under
balanced voltage dips can be described with two independent equivalent circuits: the
natural machine, whose stator is short-circuited while the natural flux y,, exists in
the stator winding, and the forced machine, where stator voltage is the remaining grid
voltage and no transient flux exists, as shown in Figure 11.3 [1].

The equivalent circuit of the forced machine is the same as the DFIG under
normal operation, which has been analyzed in the previous chapters. The differ-
ent equation which describes the relationship between stator natural flux ¥, and
rotor natural current _z:,n can be derived from Figure 11.3b, as expressed in (11.3)
and (11.4):

4 ——&17/ Yy (11.3)
i L sn L stm
d . S > 2 d . 2
<d_t _Jwr) Ysn = Vi — errn - (E _Jwr) GLrlrn (11.4)
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Figure 11.3  Equivalent circuits of the DFIG under symmetrical voltage dips: (a) the natural
machine and (b) the forced machine.

11.2.1.2 Asymmetrical Voltage Dips
According to the symmetrical component method, the asymmetrical grid voltage can
be divided into the positive-sequence, negative-sequence, and zero-sequence compo-
nents. The voltage vectors of the three types of asymmetrical grid faults is shown
in Figure 11.4, whereas the positive-sequence (V, 1), negative-sequence (V, ), and
Zero-sequence (VSO) in the grid voltage are listed in Table 11.1.

Besides the stator natural flux y, and the forced flux y, a stator negative flux
Ve With a frequency of —w, will be introduced by the negative-sequence grid voltage
as well. Another equivalent circuit, the negative machine, can be used to analyze the
performance of the DFIG, together with the natural machine and the forced machine,
which is illustrated in Figure 11.5 [2].

The rotor equation of the negative machine can be there by derived as (11.5).

d . " o 2 d . 2
(E _]wr) Ysne = Vine = R, — (E _]wr> O-Lrlrne (IL.5)

a7 N e

(@) (b) (©
Figure 11.4  Grid voltage during asymmetrical grid faults: (a) single-phase-to-ground faults;
(b) two-phase-to-ground faults; and (c) two-phase faults.
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TABLE 11.1 1 Symmetrical components in the grid voltage under asymmetrical grid faults

Fault type v,* V,~ V0
Single-phase to ground 1-p/3 p/3 p/3
Two-phase to ground 1-p/2 p/2 0
Two phase 1-2p/3 p/3 0

With the existence of the forced flux and the negative-sequence flux, the steady-
state stator flux trajectory after asymmetrical grid fault will be an ellipse. The stator
flux trajectory under a single-phase-to-ground fault is shown in Figure 11.6a.

In this case, the stator natural flux produced during the asymmetrical grid faults
not only depend on the fault types and voltage dip levels, but also on the time when
the fault happens, which is described by the fault angle 8 in Figure 11.6. If the fault
happens at & = 90° when the positive and negative-sequence grid voltage have oppo-
site directions, the sum of the stator force and negative flux after fault will be the
same as the stator flux before the fault, and thus the stator natural flux will be zero,
which is shown in Figure 11.6b. When the fault happens at & = 0, the stator natural
flux will be maximum, as shown in Figure 11.6c, and in this case, it can be given as

N 2V
Wen(to)lg=0 = gpjj (11.6)
S

11.2.2 With Rotor Open Circuit

11.2.2.1 Under Symmetrical Voltage Dips

If the rotor terminals are open-circuited under voltage dips, the rotor current is zero.
This situation may happen when the rotor-side converter (RSC) is disabled under
voltage dips. In this case, (11.3) and (11.4) can be rewritten as

d . R;
EIVSH = _L_Sll/sn (1L.7)
s
d . - -
(E _Jwr> Ysn = Vin (11.8)

By solving (11.7), the stator natural current v, (f) after voltage dips can be
derived as

N o -+ pV, L
W () = wg,(fp)e ™ = o (11.9)

N

R, L L, JoV.R i

rne
+ —

v.w e

Stator

Figure 11.5 Equivalent circuit of the negative machine of the DFIG.
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(a) (®) (©

Figure 11.6 Trajectory of the stator flux during asymmetrical grid faults: (a) steady state
after faults; (b) situation with zero natural flux; and (c) situation with the maximum natural
flux.

where 7, = L, /R, is the stator time constant. It can be concluded from (11.9) that the
stator natural flux is time-decaying with the stator time constant z, after voltage dips.
As in a large-scale DFIG, the stator resistance R, is normally very small, so the stator
time constant 7, will be normally be larger than 1 s.

The rotor voltage in this situation can be defined as the rotor electromotive force
(EMF) [3], so the rotor EMF Em of the natural machine in this case can be found as
- ) -L
E, () ~ —jo,y,, = —w—’pvxe s (11.10)

s

The stator current can in the natural machine YM be calculated from (11.9) and
(11.1), as expressed in (11.11):

N pVy -L
1) = Ts 1111
)= 5re (i

The rotor EMF Erf and stator current 7Sf is similar to the DFIG under normal
operation, as expressed in (11.12) and (11.13). It can be seen from (11.10) and (11.11)
that the rotor natural EMF E,, is proportional to the rotor speed w,., while the rotor-

forced EMF Erf is proportional to the slip speed w, — w,. As the DFIG is normally
operating around synchronous speed @,, @, is much larger than @, — w,. As a result,

under serious voltage dips, the rotor EMF in the natural machine Em will be much

larger than in forced machine E +r» and much larger than the rotor EMF under normal
operation as well.

(1 = p)V,e®st (11.12)

- W, —®
E. ()~ j——
O] ,
A=DVs o

: (11.13)
JogLg

i) =

The simulation of a 1.5 MW DFIG under an 80% symmetrical voltage dip is
shown in Figure 11.7. The rotor speed is 1.2 pu (1800 rpm), and the rotor of DFIG is
open-circuited. It can be found that the stator flux is composed of a DC stator natural
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Figure 11.7 Simulation of a 1.5MW DFIG under an 80% symmetrical voltage dip.

flux and an AC forced flux. The natural flux decays very slowly, as the stator time
constant is about 1.6s in this case. The stator current also contains the DC natural
current and AC forced current.

It should be noted that the rotor natural EMF under voltage dips (which is with
the rotor frequency in the rotor reference) is much larger than that under normal oper-
ations (which is with the slip frequency in rotor reference). It reaches more than 4 pu
under voltage dips, compared to about 1 pu under normal operation and as analyzed
in the previous paragraph.

11.2.2.2 Asymmetrical Voltage Dips
The negative-sequence stator flux will be introduced under asymmetrical voltage dip,
and it can be expressed in (11.14).

Vsne(t) _ E

Jo

WD) = eIost (11.14)

N S

The amplitude of the negative-sequence grid voltage V,~ with different fault
types can be found from Table 11.1. The stator current 7sne and rotor EMF Eme in
the negative machine can be calculated from the equivalent circuit in Figure 11.5 and
(11.5). As shown in (11.15) and (11.16),

- Voo
(1) = —jwsL emiost (11.15)

s

, +

(1 = p)V,ellertest (11.16)

E,()=~]
N

It can be concluded that as @, + @, is much larger than w, — w,, so under seri-

ous asymmetrical grid faults, the rotor negative EMF Eme (¢) is also much larger com-
pared to the EMF under normal operation.
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Figure 11.8  Simulation of a 1.5 MW DFIG under one-phase-to-ground asymmetrical
voltage dip with (a) grid fault angle 8 = 0° and with (b) grid fault angle 8 = 90°.

The forced and natural fluxes introduced by the unbalanced voltage dips have
been introduced in the previous analysis, and the corresponding stator current and
rotor EMF can be calculated with the same method used in the balanced voltage dips.
Notice that the natural flux introduced in unbalanced voltage dips is related to the
grid fault angle 6.

The simulation results of a 1.5 MW DFIG under one-phase-to-ground asym-
metrical grid faults are shown in Figure 11.8. The rotor speed is 1800 rpm and the
voltage dip level of phase A is 80%. In Figure 11.8a, the grid fault angle is 0 and the
voltage dip will introduce the largest stator natural flux; it can be found that a DC
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Figure 11.9 Scheme of the DFIG WTS with stator voltage oriented vector control.

component is introduced in stator flux and stator current. At the same time, the stator
fluxes and currents are unbalanced, which indicate that there are negative-sequence
flux and current. The rotor EMF contains three components as well and the ampli-
tude of rotor EMF is close to 5 pu. In Figure 11.8a, the grid fault angle is 90° and the
voltage dip will not introduce any natural flux. As a result, no DC component can be
found in the stator flux and current. However, the amplitude of rotor EMF is still very
large because of the negative-sequence flux.

11.2.3 With Normal Vector Control

Vector control [4] is often applied when the DFIG WTS is working under normal con-
ditions. If no special solution is applied after the voltage dips, the DFIG will continue
to work with vector control. The stator natural and negative-sequence flux introduced
by the grid voltage dips will influence the performance of the system. However, it has
been analyzed that as the voltage rating of the RSC is limited, the performance of the
DFIG will be totally different under small dips compared to that under serious and
deep dips [5,6].

11.2.3.1 Control Limit of RSC with Vector Control
The stator voltage oriented vector control scheme of the DFIG has been introduced
in Chapter 5, and it is again represented in Figure 11.9.

Normally, the current controllers try to suppress the rotor natural current Ym
after voltage dips. However, it can be seen from (11.4) and (11.10) that if the rotor
natural current 7,,, is controlled to be zero, the output RSC voltage v,, should be
equal to the rotor EMF Em in the natural machine. Under asymmetrical grid faults,
the RSC needs to provide corresponding negative-sequence output voltage as well.
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Figure 11.10  Control limit of RSC with vector control.

On the other hand, the RSC voltage is limited by the DC-bus voltage v,.. As a result,
if the voltage dip level is too large, the RSC may not be able to provide the rotor
voltage, and the RSC will be saturated and the DFIG will be out of control. The rotor
EMF amplitude of a 1.5 MW DFIG under different kinds of grid faults are shown in
Figure 11.10. The rotor speed is 1800 rpm. The maximum RSC output voltage of the
power converter is presented as well; the DC-bus voltage of the RSC is 1200V, so the
maximum RSC output voltage using SVM control can be calculated and transformed
to per unit, resulting in 1.73 pu as in Figure 11.10.

For symmetrical faults, the RSC will be saturated when the voltage dip level
is larger than 0.44. For one-phase-to-ground fault with & = 90°, as there is no stator
natural flux introduced under voltage dips, the RSC will not be saturated until the
voltage dip level is larger than 0.65. However, if 8 = 0°, the RSC is able to control
the DFIG only if the voltage dip level is smaller than 0.3, as the rotor EMF introduced
by the rotor natural and negative-sequence EMF are all very large.

11.2.3.2 Under Small Dips

When the voltage dip level is small and the RSC is still capable of controlling the
DFIG, the current controller will try to suppress the rotor natural current. However,
as the rotor natural current has a frequency of w, in the dq frame, the steady-state
error cannot be avoided. Small amount of rotor and stator natural currents may still
exist. The fluctuations in the electromagnet torque and DC-bus voltage will be thereby
introduced. As the rotor natural current is not large, the stator time constant is similar
to that with rotor open circuit, which is 7, & L,/R, [5].

The simulation of a 1.5 MW DFIG WTS under a 20% symmetrical voltage dip
is shown in Figure 11.11; the DFIG is generating 1 pu active power before fault and
the rotor speed is 1800 rpm. The DC stator natural flux is introduced and it decays
slowly and a DC component in stator current also exists, similar to the situation with
rotor open circuit. The rotor current is distorted as the rotor natural current with the
frequency of w, is introduced. The DC-bus voltage and torque fluctuations can be
observed as well.
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Figure 11.11 Simulation of the DFIG under 20% symmetrical voltage dips.

11.2.3.3 Under Serious Dips

The RSC may be saturated under serious voltage dips. In this case, the DFIG will be
out of control, a large rotor current will be produced and will flow into the DC bus
of the RSC, the converters may be overloaded, and the DC voltage will be too high.
Besides, large electromagnetic torque fluctuation will be introduced, and this may
reduce the life time of the gearbox.

The simulation of a 1.5 MW DFIG WTS under an 80% symmetrical voltage
dip is shown in Figure 11.12. In this case, the RSC is saturated and the DFIG is out
of control. It can be seen that the stator current under voltage dip is larger than 3 pu,
and the rotor current is larger than 1.1 pu (about 3 pu refers to the stator side), almost
three times larger than under normal operation. Besides, the DC voltage rises from
1200 V to more than 1600 V. The RSC is having overcurrent and DC overvoltage. A
large electromagnetic torque fluctuation is introduced as well. The DFIG cannot ride
through such serious voltage dips using normal vector control.

11.2.4 With Rotor-Side Crowbar

The rotor-side crowbar is widely used for the low voltage ride-through (LVRT) of
a DFIG. The basic control scheme of a DFIG with rotor-side crowbar is shown in
Figure 11.13 [19].
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Figure 11.12  Simulation of a 1.5 MW DFIG under 80% symmetrical voltage dips
operations at 1800 rpm.

Under grid faults, the crowbar is enabled to protect the RSC after the voltage
dips and (or) the over rotor current is detected [7]. The rotor of the DFIG is short-
circuited and the RSC is disabled. The crowbar will be introduced in detail in Chapter
12. The active crowbar with a diode rectifier and IGBT switch is usually used. How-
ever, the linearized crowbar model is used in the analysis, as shown in Figure 11.13.

GSC Grid

Normal and
reactive power support

| o— Fault Detection f)’v
. s

After Fault

Figure 11.13  Scheme of the DFIG WTS with rotor-side crowbar for handling LVRT.

|Crowbar Control | | RSC Control
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The equivalent relationship between R. and R, p can be expressed as in (11.17), if
the both circuit has the same rotor current amplitude.

3
R.~ chl)c (11.17)
As the crowbar is active after voltage dips, the rotor natural voltage Em in(11.4)
can be represented as

V., =—R.i, (11.18)
So, (11.4) can be rewritten as (11.19).
d . L, . v d . =
(E —Jw,> Ty = (R, + R, - (d—t —Jw,> oLi,  (11.19)
)

It has been reported in [8] and [9] that the stator natural flux after symmetrical
voltage dips is a DC component that decays with the new stator time constant z,,.,
and its initial value has been expressed as (11.9). So the stator natural flux , is
expressed as (11.20).

!

_ Vi —L
YD) ~ P ™ (11.20)

s

Substituting (11.20) in (11.19) gives

T L

sc S

1 . Lm - = d . =
L e, ) e = —~R.+ R, — (d—t —jw,) oLi, (11.21)

Normally, in a large-scale DFIG, Tl < o, [1],and R. > R,, so (11.21) can be

s

rewritten as

. Ly . - d . -
—Jeo, i) = =Rl = <E - ]a)r) oL, (11.22)
So, with (11.20) and (11.22), the rotor natural current can be
- [0) V. o @ V. Tl
Py Pt e O Pl e, (11.23)
w; R, + jo,cL, wg R, + jow,cL,

where 7, is the rotor time constant and 7, = oL, /R,. In alarge-scale DFIG R, > oL,
the second term in (11.23) will be decaying very fast after the voltage dips [8], so the
approximate expression of (11.23) can be found as

g Ve -0 (11.24)

i) -
brn(1) w; R, + jo,oL,
By substituting (11.24) and (11.20) in (11.3), the new stator time constant z,,. can be
expressed as

S

2 2
1 RyR”+(w0L) +w,’cL,L, R

R R.w, L,
Tye L R+ (w,0L,)? Ly R.? + (w,0L,)*

(11.25)
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The imaginary part indicates that the natural flux and current may rotating

slowly while decaying [8]; it will not change the amplitude of ¥, and i,,, so the
stator time constant 7. can be regarded as
L (11.26)
Tge R > .
w,*cL,
Ry + Rl R*+Hw,0L,)

It can be found from (11.24) and (11.26) that the rotor current is limited with
rotor-side crowbar. Besides, the stator time constant is reduced compared to the vector
control, which means the damplng of stator natural flux Wn 1 is accelerated.

The rotor-forced current i s and stator-forced current z o stator with rotor-side
crowbar can be represented as

P P S Sl 4 AL S Y (11.27)
! o, R, +jw,—w,)oL, '

l(] _pl)vs_wr_ws (1 _pl)Vs

, , Pt (11.28)
L, jo, w; R, +jlow, —w,)oL,

i) =

It can be seen from (11.28) that the DFIG will absorb reactive power from
the grid if the crowbar is enabled. With respect to the active power, the DFIG will
operate as a motor under sub-synchronous speed and will absorb active power (@, —
o, > 0), while under super-synchronous speed, the DFIG will generate active power
(v, — o, <0).

Under asymmetrical faults, the rotor and stator negative-sequence currents lme

and i i,,e can be calculated from (11.5), as given in (11.29) and (11.30).
- + w. | .
i) = W, T Wy : s PCREN (11.29)
o, R, +j(w, +w)oL,
- Vo o+ o, Vv~ .
et = |22 = 22 doton (1130)
L jog w; R, +jlw, + o)L,

The rotor and stator negative-sequence currents can be limited by the rotor-side
crowbar as well.

The simulation of a 1.5 MW DFIG WTS under an 80% symmetrical voltage
dip is shown in Figure 11.14. It can be seen that the damping of stator natural flux
is accelerated compared to Figure 11.12 and the rotor and stator current is limited as
well. Besides, the DC voltage will not rise and the electromagnet torque fluctuations
are relatively small.

The simulated results of the DFIG WTS under symmetrical grid fault are shown
in Figure 11.15 (solid lines), compared to the calculated results (dotted lines) as a
comparison. The amplitude of the rotor current (refers to the stator side) and stator
current, as well as the stator time constant with different crowbar resistance values
under different voltage dip levels are simulated. The simulated results are basically
in accordance with the calculated results.
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Figure 11.14  Simulation of a 1.5 MW DFIG WTS under 80% symmetrical grid fault with
rotor-side crowbar, operating at 1800 rpm.

11.2.5 Non-Instant Voltage Dips

In the previous analysis, the voltage dip is assumed to have happened instantly. How-
ever, in a real power system, the voltage dips may be multiple-staged [10, 11]. Also,
during the LVRT test in China, a transient time smaller than 20 ms is permitted for
the voltage dip generator [12]. The grid voltage dip generated by a grid emulator is
shown in Figure 11.16. The transient time of the voltage dip is about 15 ms.
Although the transients of the voltage dips will be different under different
grid situations, the non-instant voltage dip in Figure 11.16 is taken as an example to

Rotor Current Amplitude (pu) Stator Current Amplitude (pu) Stator Time Constant (pu)
3 200
2.5 R=06Q R=08Q 2.5 R=060Q R.=0804 - -
- =002 R=0. : ‘ 523 150 — ="
2 — = 2 = % 4 -
s B et B == 2oz== N | 100t
i _== — \ e e R=1Q)
1 —R=1e—] | === e
- 50
0.5 0.5
0 0 0
0.2 0.5 08 0.2 0.5 0.8 0.60 0.80 1.00
Voltage Dip Level (pu) Voltage Dip Level (pu) Crowbar resistance (Q)

Figure 11.15 Simulated results of a 1.5 MW DFIG WTS under symmetrical grid fault
(solid line) compared to the calculated results (dotted line) operating at 1800 rpm.
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5 ms / div

Figure 11.16 Non-instant voltage dip generated by a grid emulator.

investigate its influence on the DFIG operation. The voltage dips generated by the
AC source can be regarded as two steps: the grid voltage amplitude instantly falling
to (1 — p’)V,, and reduced linearly to (1 — p)V in a duration of 7. The stator natural
flux introduced in the first step can easily be obtained as

_ (1 =phy

W1 = (11.31)

J@y

It has been assumed that the voltage amplitude is reduced linearly in step 2.
During voltage dips, at time ¢, in a smaller enough time At, the stator natural flux
introduced by the voltage dips can be regarded as

/
- \%
AV, = M—Sm (11.32)
Td Wy

As illustrated in Figure 11.17, the x-axis is aligned to ¥, ,(f). So the stator
natural flux introduced during 7, in x-axis and y-axis can be derived as

T, (p_ Y _ IV
_ P) P -p)V; .
|1//m72|x=[ T, jcoswtdt:w—désma)Td (11.33)
Td (p_ / V R V

, PV . P =p)V;

|wm2|y=L o, ﬁsmwtdt:w—Tdé(l—cosa)Td) (11.34)
¥
A
------------------------------ Ay =PIV,

B sn 7—;1 wv

> X

Figure 11.17  Stator flux differential of the DFIG under a non-instant fault.
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So, the amplitude of the stator flux |, »| can be derived as

2p=p"V; . wly
— SIn ——
C()Td

Wy 0| = \/ [P a]” + Ilffm,zly2 = (11.35)

If the damping of |, || during T}, is taken into account, the amplitude of the
stator natural flux introduced in non-instant fault can be approximately derived as

L
Iz;snj ~ l/_}sn,le S+ W0 (11.36)
)
Especially when T; — 0, |y, 5| or=p Vs fu D% which also represents the case of

the instant fault. Also notice that when 7, =20 ms, |, »| ~ 0. The performance of
the DFIG system will be greatly influenced by the transients of the voltage dips.

11.3 DFIG BEHAVIOR DURING VOLTAGE RECOVERY

11.3.1 During Instant Voltage Recovery

After grid faults, the voltage will recover to normal operation. If the grid voltage rises
from lower fault voltage to normal voltage instantly, the performance of the DFIG can
be regarded as a reverse operation of what is happening under voltage dips. The stator
natural flux will be introduced by the voltage swell as well, and under symmetrical
grid fault, it can also be expressed as given in (11.2). However, the stator-forced flux
li}sf after voltage recovery is generated by the normal voltage, it can be expressed as

- Vi
Py(r) = jgbdws’ (11.37)
s

Large transient currents may also be introduced under voltage recovery after
serious voltage dips as the same stator natural flux is introduced. The situation may
be even worse as the stator-forced flux is larger after voltage recovery.

11.3.2 Voltage Recovery in Power Systems

It has been reported in [13, 14] that in power systems, the voltage recovery does not
happen instantly, but will be finished in a few steps if the operation of the isolation
breaker is taken into account. A simplified three-phase grid fault model is shown
in Figure 11.18. The fault started at #, and the voltage dip is introduced. At #}, the
breakers begin to isolate the faults. As most of the breakers in power system can
only be open at current zero, the voltage recovery will take place in two steps. At 73,
assuming the fault current in phase A i crosses zero first, the breaker in phase A
is opened and the grid voltage in phase A comes back to normal voltage. The time
when the fault started is influenced by the grid fault angle 6 between the fault current
and the voltage. It is determined by the line impedance between the fault location and
the WTS terminal. It is usually between 75-85° for the grid fault happening in the
transmission system and 45-60° in the distributed system [13]. However, the phases
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Figure 11.18 Simplified grid fault and recovery model: (a) circuit module; (b) breaker
operation; and (c) voltage waveforms.

B and C are still under fault condition and as a result, the three-phase fault becomes a
two-phase-short-circuit fault. After about 5 ms, the fault current in phase B and phase
C also cross zero, the breaker in phases B and C is opened, and all the three-phase
voltages are back to normal. The voltage waveforms during the voltage recovery of a
three-phase fault are shown in Figure 11.18.

With different fault types, the operation of voltage recovery will also be differ-
ent. For the three-phase-to-ground fault, the fault recovery will take place in three
steps: three-phase-to-ground fault — two-phase-to-ground fault — one-phase-to-
ground fault — normal grid.

For one-phase-to-ground faults, as there is only one circuit breaker to be open,
the fault clearance will be finished in one step.

11.3.3 During Three-Phase Fault Recovery

Before fault recovery, the DFIG is normally operating with vector control to provide
reactive power support under voltage dips. The voltage recovery begins at £} as shown
in Figure 11.18. The trajectory of the stator flux ¥, from #} to 7, is shown in Figure
11.19. Assuming the DFIG operates in steady state under lower voltage before 3, the
initial value of stator flux before #; W, (#,_") can be expressed as

V, o
wy(n") =1 —p)jje""s’2 (11.38)
s

At ], the three-phase fault will become a two-phase fault if the operation of
isolation breaker is taken into account. So the forced flux after ¢} y?sf(t; +) will be the
sum of the positive and negative sequence as represented in (11.39).

. P Vs iz PV jzop
] t, =(1-=2 75 ___elz 11.39
Wy () =( z)jw‘e 2 jw, ( )

s
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Figure 11.19  Stator flux trajectory of the DFIG during voltage recovery (a) before #5;
(b) after 15; (c) before t,; and (d) after t,.

where 0 is the grid fault angle. As the stator flux ¥, cannot be changed abruptly
W, (7)) = (1) ), the stator natural flux ¥, (1) introduced at t," can be derived as

- - . 1%
P (ty) = Wg(th)) = Py (1) = pw—s cos 0 (11.40)
s

as shown in Figure 11.19b. The grid voltage will back to normal at ¢,, and the duration
between #, and #; is normally 5ms [13]. The stator natural flux y,(r) will decay
within 5 ms as well. However, as the duration between 7, and ¢} is small enough to
be ignored, it can be assumed that ., (r) will not change in this short duration, which
means I,T/m(tz) ~ y"/m(t;). Before t,, the stator flux ¥ (#,) will be expressed as (11.41).

V. o V. .V
y(t, ) = (1 - ’—’) 25 P L5 0 4 TS cosh (11.41)
2/ jowg 2 jo, o}

which is illustrated in Figure 11.19c. The stator-forced flux after ¢, li}sf(tz +) is the
normal stator-forced flux as shown in (11.42).

_ Ve
Vylly,) = 5-e” (11.42)

N



318 CHAPTER 11 DYNAMIC MODEL OF DFIG UNDER GRID FAULTS

- 3

=}

= 25

g After fault | RSC voltage
2 2

a

E 15 .o

[T

g 0.5 After fault recovery

o

O0.1 02 03 04 05 06 07 08
Voltage Dip Level

Figure 11.20 Amplitudes of rotor EMF after fault recovery and after the fault occurrence.

The stator natural flux introduced at ¢, can be derived from the flux continuity
principle as well, and it is represented in (11.43):

. . . V iz
Wan(ty) = Wy(tr) — Wyp(try) = \/EpaTs cos 0% (11.43)
N
which is the initial value of y,(7) after the voltage recovery. The corresponding flux
trajectory is represented in Figure 11.19d.
The amplitude of stator natural flux after three-phase-fault recovery is

[7un(1)] = V2 cos B (11.44)
N

As the wind farms are normally connected to transmission lines, € is usually
between 75° and 85°. So, compared to (11.2), the stator natural flux introduced by
the voltage recovery will be smaller than under voltage dip. The amplitude of the
rotor EMF after voltage dips and voltage recovery under a three-phase faultin a 1.5
MW DFIG is shown in Figure 11.20. The rotor speed is 1800 rpm and the grid fault
angle @ is 75°. It can be seen that the rotor EMF introduced by the voltage recovery
is smaller, and it is always under the maximum RSC output voltage. Consequently,
the RSC is capable of controlling the DFIG with normal control after fault recovery.
If the fault happens in a distribution line, the fault also influences the DFIG where 6
will be smaller and the DFIG may be out of the controllable range. In this case, the
rotor-side crowbar may need to be active again during the voltage recovery. This will
be discussed in detail in the next chapter.

It should be noticed that during #} to t,, the DFIG is operated under unbalanced
fault, and the RSC may be saturated in this period. However, as this duration is short
(usually 5 ms), its influence on the DC-bus voltage will normally be acceptable. On
the other hand, the RSC is normally capable of handling up to 2 pu current (referred
to the stator) for a short time.

After the voltage recovery, the stator flux introduced by the voltage recovery
will also decay with the stator time constant 7, so the stator natural flux after voltage
recovery can be expressed as

\% . L
7, () = V2p— cos e e (11.45)
w

S
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Figure 11.21 Simulations of a 1.5 MW DFIG during three-phase fault recovery.

The DFIG is normally required to restore the active power output with a rating
of 0.1 pu/s, and that can be easily achieved with the vector control.

Simulations have been performed on a 1.5 MW DFIG under fault recovery from
an 80% symmetrical three-phase fault, which are shown in Figure 11.21. The rotor
speed is 1800 rpm and the grid fault angle € is 75°. Before the voltage recovery, the
DFIG is generating 1.0 pu reactive current under lower voltage. The reactive current
generation is stopped when voltage recovery happens, but the DFIG is still operat-
ing with normal vector control. The DC-stator natural flux after voltage recovery is
smaller compared to Figure 11.12, so the DC-bus voltage only rises about 40 V after
the voltage recovery, and the transient stator and rotor current are smaller than the
case shown in Figure 11.12 as well.

The simulated results of the stator natural flux amplitude after voltage recovery
are compared with calculated results from (11.43), as shown in Figure 11.22. With
the different voltage dip levels and grid fault angle, the simulated results are basically
in accordance with the calculated results.

11.3.4 During Three-Phase-To-Ground Fault Recovery

During the fault recovery from three-phase-to-ground faults, the voltage recovery will
normally take place in three steps. The performance of the DFIG can also be analyzed
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Figure 11.22 Amplitude of stator natural flux during fault recovery: the simulations (solid
line) versus the calculations (11.44) and results (dotted line).

with the same method. The details will be neglected here and the stator natural flux
after the fault recovery is given as (11.456).

_ 4,
|n(12)| = 3P cos0 (11.46)
S

When the grid fault happens in transmission lines, the stator natural flux intro-
duced by the three-phase-to-ground fault recovery will be smaller than that under
voltage dips. The RSC also seems to be capable of controlling the DFIG with normal
vector control.

11.3.5 During Asymmetrical Fault Recovery

The one-phase-to-ground fault is taken as an example, as most of the faults happening
in power systems are one-phase-to-ground faults [15]. It has been analyzed that under
grid fault, the stator natural flux amplitude y g, can be expressed as

-

|750] = 2P cos 6 (11.47)
= 3,

The fault angle 0 is a random value between 0 and 2z under the voltage dips.
However, during the voltage recovery at ¢,, as the isolated breakers normally open
when fault current crosses zero to isolate the faults, 6 is no longer a random value
but represents the angle between the fault current and the voltage, and it is usually
between 75° and 85° in transmission systems.

After the grid fault recovery, the performance of the DFIG will basically be the
same as in the case of the three-phase or three-phase-to-ground voltage recovery. A
simulation of the DFIG under a 80% one-phase-to-ground fault recovery is made and
the results are shown in Figure 11.23. The DFIG is working with rotor-side crowbar
before fault recovery. The stator natural flux introduced by the recovery is no more
than 0.1 pu, and the transient current is very small.

11.4 UNDER RECURRING GRID FAULTS

In some standards, it is specified that the WTS should be able to handle recurring grid
faults, in order to make the system more robust.
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Figure 11.23  Simulations of a 1.5 MW DFIG during one-phase-to-ground fault recovery
operating at 1800 rpm.

11.4.1 During Symmetrical Recurring Fault

The three-phase symmetrical fault is taken as an example here. The grid voltage of
the recurring grid fault is shown Figure 11.24. The first fault occurs at 7y, a voltage
dip with the dip level of p, is produced, and the reactive power support is required by
the grid code after #;, the duration between #, and #; is usually about 100 ms. After
a few hundred milliseconds, the protection device is tripped and the circuit breaker
isolates the fault at #5. The voltage recovery will take place in two steps. The grid
voltage returns to normal at #, For the three-phase fault, the duration between f,

vy (S) = (l_pl) Vs vy (s) = (1_172) Vs

First fault Second fault
e
5 1 } i ! ;i
=3 ! !
|
o 05 ;
S I
S 0
= l
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- | | " [l [ |
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Figure 11.24  Grid voltage waveforms introduced by the recurring grid faults.
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Figure 11.25  Stator flux trajectory of the DFIG: (a) at #, compared to; (b) at #; (see Figure
11.24 for time definitions).

and 75 is normally 5 ms [13]. Another three-phase fault may happen at 5, and a new
voltage dip with a dip level of p, will be introduced. The duration between the two
faults is defined to be 7,, =t; —t, The reactive power support is also required under
the second grid fault at #,, and the grid voltage comes back into the normal situation
att 5.

It has been analyzed after #,, the stator natural flux can be expressed as

-1 . 1=ty

_I=n V _r=n
T, () = (e & = V2p ~ cosfete = (11.48)
w

N

On the other hand, the normal grid voltage will introduce a stator-forced flux
l/_}sf(t), as shown in (11.49).

. V. .
(1) = Py (1, )17 = L= )+0) (11.49)
J Oy

As a result, before the second fault happens at #;, the stator flux y,(#;_) can be
derived as (11.50).

- - - V. o Te Voo
Py(t3) = Pyt3) + (t3) = V2p, = cose¥le s + —Lf@Tnt0) (11.50)
@y J@y
When the second grid fault happens at ¢, a new voltage dip with a voltage dip
level of p, will be introduced. So, the stator-forced flux y(t3.) at 5 after the voltage
dip can be expressed as

Fyltz) = (1= pp)— Vs o0 (11.51)
a)S
As W(t3,) = y,(t3_), the initial value of the stator natural flux v, (#;) under
the second grid fault can be derived from (11.50) and (11.51), as shown in (11.52).

Fon(t3) = By(32) — By t3,) = V2, pl—cos0e4’e w4, Vs ot (11 52)
Jjo

S s

The corresponding flux trajectory is shown in Figure 11.25b. Compared to the
situation with the first grid fault, as shown in Figure 11.25a, it can be concluded that
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W, (t3) consists of two parts: the first part is introduced by the voltage recovery of
the first grid fault and its amplitude depends on the voltage dip level of the first grid
fault (p;), the fault angle of the first grid fault (@), and the duration between two faults
(T,,)- The second part is introduced by the second grid fault and its amplitude is only
influenced by the voltage dip level of the second voltage dip (p,).

The rotor-side crowbar will be active again at t;. With (11.52), the stator natural
flux v, (¢) after #; can be represented as (11.53).

i ]
U1 = Py(1z)e” e = [\f P12 cos eTe w4 py2 WSW)] e me (11.53)
S S
If the rotor current introduced by the forced flux 1]/’sf(t) is neglected, the rotor

current ?r(t) under the second voltage dip can also be derived as

l 13

TrE V
<\/—p1—cosee41e 4 py 0Tt 073 ']>e we (11.54)
®

s

RC +]a),aL

and the stator current _i; under the second voltage dip will be

. . L,-
(1) = (0 = 227,0)

L=

h|»—

<\/_p1—COSOe4] rA +p, Ygi[wSTre+9_%]>

s S s

jw,L _ 1
X 1 + ']r—m e Tsc + iﬂeﬂu (t= t%) (11.55)
R, +jow,cL, Ly jo

The RSC needs to be active 100 ms later as well, during #,—¢5 and the DFIG
will repeat the operation during #,—,.

The rotor current _z:r(t) after 13 can be represented as (11.54). If it is regarded as
a function of time (#), it is time-decaying with 7, and it can be found that when t =1¢;,
the largest rotor current can be expressed as (11.56).

w

- v,
()~ —— \/_p1 s cosoefie +p ZflesTet0=31) (11 56)
: R.+jow,cL, ;g (o}

It should be noticed that (11.56) consists of two terms: the first one is the stator
natural flux introduced by the voltage recovery of the first fault (at ¢,), its amplitude
depends on the voltage dip level of the first grid fault (p;), the grid fault angle of
the first grid fault (@), and the duration between two faults (7,,). The second one
is produced by the second grid fault and it is related to the voltage dip level of the
second grid fault (p,), which is the same with the situation under single grid fault.
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Figure 11.26 Maximum stator natural flux ¥, under the second grid fault.

The amplitude of 7,(t3) can be expressed as (11.57).

o o
1,(@)‘ =~ L

\/R.2 + (w,0L,)?
T \ 2 Tye V.2
\/(\/_m—cosé'e s > +2p2 \/—pl—C050€ s COS (a)_YTm+6'—%n)+ <p2—x>

Wy Wy s

(11.57)

where

w.T +9—%7r—27mnEN (11.58)

ST re

The maximum amplitude /,,, of (11.57) is expressed as (11.59). It is also the
situation that the stator natural flux produced by the voltage recovery of the first fault
and by the voltage dips of the second fault are in the same direction, so that their
amplitude is superimposed, and the rotor natural current produced by them are also
superimposed, as shown in Figure 11.26.

|4
I \/—pl—cosee 5o+ py—

(Vg0 o)
rm ~ -
R.2 + (w,0L,)? @s

It should be noticed that (11.29) describes the time when the largest rotor cur-
rent and stator natural flux can appear with an ideal PI controller and some error could
be introduced in a real case. However, it can be found that the largest rotor current and
stator natural flux always occur when the stator natural flux produced by the voltage
recovery of the first fault and by the voltage dips of the second fault are in the same
direction, as shown in Figure 11.26.

With the same method, it can be found that when 7=t; and when the relation-
ship between T, and 6 can be expressed as (11.58), the stator current under the second

(11.59)
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grid fault will reach its maximum amplitude /,,, as represented in (11.60).

V T v o, L
IsmzLi <\/§p1—sc050e g +p2—s> 1+ —
0] /
s s s Rc2 + (a)rO'L,)z
1-p,y)V
+ 1 ﬂ (11.60)
LS wS
The electromagnetic torque of the DFIG can be expressed as
3 . .
Tem = EPsLm(lsalrﬂ - lsﬂlra) (11.61)

With (11.60) and (11.59), the maximum torque fluctuations under the second
grid fault 7,,, (in pu) can be obtained as (11.62).

Tre

& (p2Vs + V2cos eplvse_T_S)Rc + W, — @ (1 _pZ)VsRc

Wy RZ+ (w,o-Lr)2 s R+ ((w, — a)S)O'Lr)2

em ™~

Tre

P> Vs + V2cos le Vse_f_x
X

Wy

Tre

LU =PIV 0PV V2cosOp Ve =

Ps O R+ (coro'L,)2

(11.62)

With (11.60), (11.61), and (11.62), the influence of the recurring fault param-
eters (p;, 0, and T,,) on the transient rotor current, stator current, and torque fluctua-
tions can be analyzed in detail.

For the DFIG under three-phase-to-ground recurring faults, its performance can
be analyzed by (11.47) with the same method. It will not be repeated in this chapter.

11.4.2 Influence of the First Dip Level

The influence of p; on the performance of DFIG under the second grid faultina 1.5
MW DFIG WTS is shown in Figure 11.27, and the parameters of the DFIG is shown
in Table 11.2. The rotor speed is 1650 rpm and the duration between two faults T, ~
500 ms. The grid fault angle 6 is 60°.

It can be seen from Figure 11.27a that the maximum rotor current /,,, is
increased with the increase of p; and it reaches 3.5 pu if p; =80% and p, =80%,
compared to 2.3 pu at most under the first grid fault (the same situation with sin-
gle grid fault). It can be found in Figures 11.27a—11.27c that the maximum stator
current [, is also increased to more than 3.6 pu with p; =80%, and the maximum
torque fluctuation 7,,, will be about 3 pu, much larger than that under single grid fault
(about 1.5 pu). When p; is reduced to 50% and 20%, the maximum rotor current /,,,,
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Figure 11.27 Influence of dip level p, on (a) the maximum rotor current; (b) the maximum
stator current; and (c) the maximum torque fluctuations under the second grid fault for a
1.5 MW DFIG operating at 1650 rpm.

is reduced to 3.0 pu and 2.4 pu with p, =80%; the maximum stator current /,, and
the maximum torque fluctuation 7, are also reduced with the decrease of p,, as the
stator natural flux , after the voltage recovery from the first grid fault is decreased.

The corresponding simulation results are shown in Figure 11.28. The perfor-
mances of the DFIG when the two faults happen at 7,, 500 ms are simulated, the
voltage dip level of the second fault p, =80%, the rotor speed is 1650 rpm, and the
grid fault angle of the first grid fault 8 = 60°, the voltage dip levels of the first grid
fault p; are 80, 50, and 20%. The rotor current, stator current, stator flux, and elec-
tromagnetic torque of the DFIG with different p; are shown in Figure 11.28. The
maximum rotor current /,,,, reaches 3.6 pu at most under the second grid fault, com-
pared to 2.2 pu under the first grid fault (the same situation as under single grid fault).
The maximum stator current /,,, and the maximum torque fluctuation 7, are also
increased to 4 pu and to about 3.3 pu, as shown in Figure 11.28a. In Figures 11.28b
and 11.28c, the voltage dip level of the first grid fault p; is reduced to 50% and 20%,
respectively. The maximum rotor current /,,,,, the maximum stator current /;,,, and
the maximum torque fluctuation 7, are decreasing with the decrease of p;. This is
also in accordance with the calculated results in Figure 11.27a.

More simulations are made for different p; to verify the mathematical model
introduced in (11.58), (11.59), and (11.61). The maximum rotor current /,,,,, max-

imum stator current /,,, and the maximum torque fluctuation 7,,, are shown in

TABLE 11.2 Parameters of the DFIGs

Rated power 1.5 MW 30 kW
Rated voltage (L-L) (V.,) 690 380
Stator resistance R, (mQ) 2.139 92
Stator inductance L, (mH) 4.05 26.7
Rotor resistance R, (mQ) 2.139 56
Rotor inductance L, (mH) 4.09 26.2
Mutual inductance L,, (mH) 4.00 25.1
Crowbar resistance R, (£2) 0.55 21
Turns ratio n,, 0.369 0.32

Stator time constant 7, (s) 1.89 0.28
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Figure 11.29 Simulated performance of a 1.5 MW DFIG at 1450 rpm (solid lines) with
different voltage dip level of the first grid fault p; compared to calculated results (dotted
lines): (a) maximum rotor current /,,,,; (b) maximum stator current /,,,,; and (c) maximum
torque fluctuation 7,,,.

Figure 11.29 (solid lines) and compared with the calculated result which is shown
in Figure 11.29 (dotted lines). Some error may exist but it can be found from Figure
11.29 that the simulated results are basically in accordance with the calculated results
from the mathematical model introduced in (11.58), (11.59), and (11.61).

11.4.3 Influence of the Grid Fault Angle

The influence of 6 on the performance of the DFIG under the second grid faultina 1.5
MW DFIG WTS is shown in Figure 11.30, the rotor speed is 1650 rpm, the duration
between two faults is 7,, ~500 ms, and the voltage dip level p; = 80%.

It can be found from Figure 11.30 that the maximum rotor current /,,, is
increased with the decrease of 8, as well as the maximum stator current /,, and the
torque fluctuation 7, are increased. A smaller # will lead to larger stator natural
flux ,, after the voltage recovery from the first grid fault, as shown in (11.43). If
0 is smaller than 60°, the RSC may not be able to control the DFIG under voltage
recovery with an 80% voltage dip and the crowbar may need to be activated again
during voltage recovery. However, this will normally not happen in the transmission
system [13].

The performance of the DFIG under two faults with different grid fault angles
0 are also simulated. The duration between two faults is 7,, ~ 500 ms, the voltage
dip level of the first and second fault are p; = 80% and p, = 80% and the rotor speed

g 2 g ¢ 7=60

2 : E

5~ 5~ ] =

cE £2 s 2

[ [‘,“) = 1° .< Er =

e 1 - - = 1 = \ 2
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S < 0 = 0

= 02 03 04 05 06 07 08 = 02 03 04 05 06 07 08 é 02 03 04 05 06 07 08
Voltage Dip Level p, Voltage Dip Level p, Voltage Dip Level p,
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Figure 11.30 Influence of 6 on (a) the maximum rotor current; (b) the maximum stator
current; and (c) the maximum torque fluctuations under the second grid fault.
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Figure 11.31 Simulated performance of a 1.5 MW DFIG at 1650 rpm with different grid
fault angles of the first grid fault 0: (a) 8 = 60°; (b) § =75°.

is 1650 rpm .The grid fault angle of the first grid fault 8 are § = 60° in Figure 11.31a
and 6 =75° in Figure 11.31b, respectively. The rotor current, stator current, stator
flux, and electromagnetic torque of the DFIG with different voltage dip levels of
the first grid fault p; is shown in Figure 11.31. It can be concluded from Figures
11 3la and 11.31b that with the same T,,, p;, and p,, the maximum rotor current
1,,, is decreased with the increase of 6, as the stator natural flux introduced by the
voltage recovery of the first grid fault is decreased. The maximum stator current [,
and the maximum torque fluctuation 7,,, are also decreased. It is in accordance with
the calculated results in Figure 11.31.

More simulations are made to verify the mathematical model introduced in
(11.58), (11.59), and (11.61). The maximum rotor current /,,,, maximum stator cur-
rent /,,, and the maximum torque fluctuation 7,,, are shown in Figure 11.32 (solid
lines) and compared with the calculated results which are shown in Figure 11.32
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Figure 11.32  Simulated performance of a 1.5 MW DFIG (solid line) with different grid
fault angles of the first grid fault  compared to calculated results (dotted line): (a) maximum
rotor current /,,,; (b) maximum stator current /,,; and (c) maximum torque fluctuation 7,
(dotted lines). The simulated results with different 8 are basically in accordance with
the calculated result from the mathematical model.

11.4.4 Influence of the Durations between Two Faults

The influence of durations between two faults 7,, on the performance of the DFIG
under the second grid fault in a 1.5 MW DFIG WTS is shown in Figure 11.33:
the rotor speed is 1200 rpm, the grid fault angle # =60° and the voltage dip level
p1 =80%. The T,, is chosen to be about 0.5, 1.5, and 2.5 s, and also meet the rela-
tionship given in (11.58).

It can be seen from Figure 11.33a that as the stator natural flux i, is time-
decaying after the voltage recovery at 3, the maximum rotor current /,,, is decreased
with the increase of 7,,. Also from Figures 11.33b and 11.33c, it can be found that
the maximum stator current /,, and the torque fluctuation 7,,, are decreased with the
increase of T,, as well. The stator time constant 7, ~ 1.6s in the 1.5 MW DFIG, so
after 2.5 s, the influence from the voltage recovery from the first fault on the maximum
rotor current /,,,,, maximum stator current /,, and the torque fluctuation 7,,, of the
second grid fault will be relatively smaller.

The performance of the DFIG under two faults with different durations between
two faults (7,,) are shown in Figure 11.34, where the voltage dip level of the first
and second faults are p; =80% and p, =80% and the rotor speed is 1650 rpm. The

5 = & T
= g E T, 1 055
Q
% ¢ £
8 <) —_
£ g 5%
E s 2 5~
= 8
g . £ _ 3
1 Single Hault = Single Fault E Single Fault
= 0 S 0 Z 0
02 03 04 05 06 0.7 08 02 03 04 05 06 07 08 = 02 03 04 05 06 07 08
Voltage Dip Level p, Voltage Dip Level p, Voltage Dip Level p,
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Figure 11.33 Influence from 7, on (a) the maximum rotor current; (b) the maximum stator
current; and (c) the maximum torque fluctuations under the second grid fault.
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Figure 11.35 Simulated performance of a 1.5 MW DFIG (solid line) with different
durations between two faults 7,, compared to calculated results (dotted line): (a) maximum
rotor current /,,,; (b) maximum stator current /,,; and (c) maximum torque fluctuation 7.
grid fault angle of the first grid fault 6 is § = 60°. The durations between two faults
(T,,)are T,, ~ 500 ms in Figure 11.34a, T,, ~ 1.5s in Figure 11.34b,and 7,, ~ 2.5 s
in Figure 11.34c. The rotor current, stator current, stator flux, and electromagnetic
torque of the DFIG with different T,, are shown. It can be concluded that with the
same 6, p;, and p,, the maximum rotor current /,,, is decreased with the increase of
T,,. as the stator natural flux introduced by the voltage recovery of the first grid fault
is further decayed with the increase of 7,,. The maximum stator current /;,, and the
maximum torque fluctuation 7,,, are also decreased, which are in accordance with
the calculated results.

More simulations are made in order to verify the mathematical model, and they
are shown in Figures 11.35 and 11.36 The maximum rotor current /,,,, maximum
stator current /;,,,, and the maximum torque fluctuation 7,,, are shown in Figure 11.35
(solid lines) and compared with the calculated result (dotted lines). Some error may
exist but the simulated results are basically in accordance with the calculated results
from the mathematical model verifying the accuracy of the model.

11.4.5 Asymmetrical Recurring Faults

Also, in this part, the performance of the DFIG under one-phase-to-ground recurring
fault is considered as an example to be analyzed, and it is assumed that the two dips
happen at the same phase. It has been evaluated that after the fault recovery from

4 .4 — £ 4
E - Simulation g . /Slmulauon .%
5 3 S 53 3= Z 3 Simulation
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Figure 11.36  Simulated performance of a 1.5 MW DFIG with different 7,, compared to
calculated results, when p, =p, =80%: (a) maximum rotor current /,,,; (b) maximum stator

current /,,; and (c) maximum torque fluctuation 7,,,.
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Figure 11.37 Capability of the 1.5 MW DFIG to ride through recurring
single-line-to-ground faults with the voltage dip level of the first fault: (a) 80% and (b) 40%.

a one-phase-to-ground fault, the stator natural flux is expressed as (11.47), and it is
rewritten here as

|17'Sn| = 3

After the voltage recovery, the DFIG is usually operating with a normal vector
control method, and hence the stator natural current after f; can be expressed as

\%4
zpljj cosd (11.63)
S

B} 2V, L
Y, (1) = =p;—cosfe % (11.64)
3o,

Similar to the analysis for symmetrical recurring faults, it can be found that
the maximum stator natural flux under the second voltage dip can be calculated as
(11.65).

Tre
2p1 & cosfe = + gpz,v—s (11.65)
3" jo, 3

With (11.65), the rotor EMF of the DFIG under recurring asymmetrical faults
can be evaluated together with (11.16). The stator-forced and negative-sequence
fluxes l'l}gf and v, after the second fault can be expressed in the same way as a
single-line-to-ground fault. However, the stator natural flux after the second voltage
dip may be superposed with the stator natural flux produced by the voltage recovery.
The rotor EMF in natural machine is also related to py, 7,, and T,,. The maximum
value of the required rotor voltage is also increased.

|¢Sn(t3)|mw =

S s

V T V

|Vm|max = |zm|max Njwr <%p1j?i cosbe = + §p2ﬁ> (1 166)

On the other hand, the rotor voltage is limited by the DC-bus voltage, so the
ride-through ability of the DFIG under asymmetrical recurring faults can be derived
[20]. The capability of the system to ride through the second grid fault is reduced. It
can be described by p,,,, of the system which is established from (11.66) and (11.16),
by letting p,,.. = p>. When the first voltage dip levels are 80% and 40%, it is shown in
Figures 11.37a and 11.37b, compared to that under one single-line-to-ground fault,
it can be seen that p,,,, is reduced by about 12% if the voltage dip level of the first
grid fault p; =80%, and by about 7% if the voltage dip level of the first grid fault
p, =40% after t,, as the stator natural fluxes produced by the voltage recovery and
by the second grid fault are superposed. The stator time constant is around 1.5 s with
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Figure 11.38  Simulated capability of the 1.5 MW DFIG to ride through
single-line-to-ground recurring faults with p, = 80%.

normal vector control, so this reduction will last for more than 1 s. It is longer than the
shortest duration between the two faults that the WTS needs to ride though (500 ms)
according to the grid code. When 7,, =500 ms, the ride-through capability of the
system is still about 10% less than that under only one voltage dip with the first
voltage dip level p; =80%, and 6% less than that under only one voltage dip with the
first voltage dip level p; =40%.

The simulations of a 1.5 MW DFIG WTS under recurring asymmetrical grid
faults are shown in Figure 11.38. As it is difficult to observe the saturation of the
RSC, the p,,,, is defined to be the voltage dip level when the transient rotor current
reaches the safety limit (about 1.8 pu in this case). As the rotor resistance and leakage
inductance may limit the current even when the RSC is saturated, the simulated ride-
though capability may be larger than the analyzed one. The simulated ride-through
capability of the system under recurring single-line-to-ground faults is shown in Fig-
ure 11.39, and compared with the simulated ride-through capability of the system
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Figure 11.39  Simulated result of the DFIG under asymmetrical recurring faults with
durations between the two faults of (a) 500 ms and (b) 1s.
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Figure 11.40 Scheme of the DFIG test system.

‘ Controller

under one single-line-to-ground fault. The dip level of the first fault (p,) is 80% and
the rotor speed is 1800 rpm. It can be seen that the p,,,. is reduced from 47% to 32%
under recurring faults. Although this reduction is time-decaying, as the stator time
constant 7 is around 1.5 s with the normal vector control, p,,,, is still less than 40%
even after 1s. This phenomenon matches with the analysis. On the other hand, the
shortest duration between the two faults that the WTS needs to ride though is only
500 ms. As aresult, a larger transient rotor current may occur.

Another simulation is made with the dip level of the first fault p; =40%, and
the dip level of the second grid fault p, =40%, the stator voltage V,, rotor current Z
and the stator flux , of the DFIG under recurring faults are shown in Figure 11.39.

The two faults happen within 500 ms in Figure 11.39a and within 1 s in Figure
11.39b. It can be concluded that due to the influence of the first grid fault, the transient
rotor current during the second grid fault is larger than the first one and the ride-
through capability of the system under recurring faults is reduced. As the stator time
constant 7 of the system with vector control is about 1.5 s, when the duration between
two faults is about 1 s, this reduction still exists. The simulated result matches the
analysis in Figure 11.39b.

11.4.6 Experiments of DFIG under Recurring Grid Faults

In the last part of this chapter, experimental results on a 30kW and a 7.5 kW reduced-
scaled DFIG system are given. The DFIG under recurring grid faults, including sym-
metrical and asymmetrical recurring faults, are tested. And the performance of DFIG
under single fault and during fault recovery can also be observed from the test results
under recurring faults.

The scheme of the test system is shown in Figure 11.40. The DFIG is driven
by a caged motor, and connected to a bidirectional AC source. The voltage dips are
generated by the bidirectional AC source to emulate the recurring grid faults. The
three-phase voltage can be controlled separately in the AC sources, and the voltage
waveform of the grid fault with different fault angles can be emulated as well [21].
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Figure 11.41 Performance of a 30 kW DFIG with different voltage dip level of the first grid
fault p,: (a) p; =80%; (b) p, =50%; and (c) p, =20%.

The RSC and crowbar are controlled by TI F2808 DSP which communicates with the
PC by CAN. The parameters of the 30 kW DFIG are shown in Chapter 4. The details
of the test bench will be introduced in Chapter 14.

First, the performance of the DFIG under recurring fault with the voltage dip
level of the second fault p, =80%, grid fault angle 8 =60° are tested. As for the
small-scaled DFIG, the stator time constant 7,, after voltage recovery is only 200-
300 ms and the duration between two faults T, is set to be T,, ~ 80ms in order to
show the influence of the first fault on the second fault. The DFIG was generating 0.2
pu active power under a rotor speed of 1600 rpm before the first fault happened. The
crowbar is active after the voltage dip and disabled after 100 ms in order to provide
reactive power support under each fault. The rotor current, stator current, and electro-
magnetic torque (calculated by stator and rotor currents) of the DFIG with the voltage
dip level of the first fault p; =80, 50, and 20% are shown in Figures 11.41a-11.41c,
respectively [22].
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Figure 11.42 Performance of the DFIG with the grid fault angle of  =75°.

It can be seen from Figure 11.41a that the maximum rotor transient current /,,,
is increased to about 30 A under the recurring fault, compared to 18 A under single
grid fault. The maximum stator transient current [, and the torque fluctuation 7,,,
are increased as well. The voltage dip level of the first fault p; is reduced to 50%
and 20% in Figures 11.41b and 11.41c, respectively, and it can be found that the
maximum rotor current /,,,,, stator current /,,, and torque fluctuation 7,,, under the
second grid fault are reduced compared to Figure 11.41a. A conclusion can be drawn
that the magnitudes of rotor current /,,,,, stator current /,,,, and electromagnetic torque
fluctuation 7, under the second grid fault are decreased with the decrease of py,
which is consistent with the analysis.

The performance of the DFIG under recurring faults with grid fault angle
0=75° are tested. The voltage dip levels of the first and second faults are
p1=p,=380%, the duration between two faults T,, are set to be T,, & 80ms. The
rotor current, stator current and electromagnetic torque of the DFIG are shown in
Figure 11.42. It can be found from Figures 11.42 and 11.41a that the rotor and stator
transient currents are decreased with the increase of the grid fault angle 6.

The performance of the DFIG under two faults with different durations between
two faults (7,,) are tested and the results are shown in Figure 11.43; the voltage dip
level of the first and second fault are p; =80% and p, =80% and the rotor speed
is 1600 rpm. The grid fault angle of the first grid fault 6 is 8 =60°. The durations
between two faults (7,) are T,, % 320 ms and T,, ~ 480 ms. It can be concluded that
with the same 6, p;, and p,, the maximum rotor current /,,, is decreased with the
increase of T,,, as the stator natural flux introduced by the voltage recovery of the
first grid fault further decays with the increase of 7,,. The maximum stator current

» and the maximum torque fluctuation 7, are also decreased.

The experiments of DFIG under asymmetrical grid faults are made based on
a 7.5kW DFIG test system. Two tests are made with two 50% one-phase-to-ground
faults, and the duration between two faults are 27 ms and 67 ms. The stator natural
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Figure 11.43  Performance of a 30 kW DFIG with different 7, (a) T,, ~ 320 ms and
(b) T,, = 600 ms.

flux produced by the voltage recovery of the first grid fault and by the voltage dips
of the second grid fault have the same direction. The grid voltage, rotor current, and
stator dg flux of the DFIG under recurring one-phase-to-ground faults are shown in
Figure 11.44. The first grid fault happens at ¢;, and the voltage recovers at t,. The
second grid fault happens at #; and the voltage recovers at #,. It can be found that after
the second fault happens at 5, as the z/_}ml,3 is increased, the transient rotor current
after the second grid fault at #3 is larger than that at ¢, and p,,,, is reduced under
recurring grid faults. As the stator time constant 7, is about 150 ms, the reduction of
the ride-through capability (p,,,,) of the system last more than 67 ms.

-
o

o8 e

o BILIKHRARRIA L
05 IWNIIIHI'HI'IIIﬂ'l‘l‘l'ﬂ'l'lli‘
AP

)

| l.mum.mmmmn
AR

(pu

Grid Voltage
(pu)
Grid Voltage

Rotor Current

Rotor Current
(A)
|
[$X=]
7

0 NafnafafAnad, Matamananannanfy
-—-\A Ty AL AT
|

A I L W
, T e
100 ms/div o 100 ms/di

07 08 09 1 11 12 13 12 13 14 15 16 17 18

Time (s) Time (s)
(@) (b)

Figure 11.44 Performance of the 7.5 kW DFIG under recurring faults with the duration of
(a) 27 ms and (b) 67 ms.

. " )
VWV A W wvvww W
{

Stator dq Flux
(pu)

Stator dq Flux
pu)




REFERENCES 339

11.5 SUMMARY

In this Chapter, the dynamic model of a DFIG under grid fault is analyzed in detail,
including the dynamic models of the DFIG under voltage dips, during voltage recov-
eries, and under recurring grid faults. For the dynamic model of the DFIG under volt-
age dips, three operation conditions are studied—with rotor open circuit, with normal
vector control, and with rotor-side crowbar are investigated, respectively [23]. The
stator natural flux introduced by the voltage dips and voltage recoveries are inves-
tigated: both symmetrical grid fault and asymmetrical grid fault are included. The
results indicate that the RSC is normally not able to control the DFIG under seri-
ous voltage dips, and extra fault ride-through strategies need to be applied under
voltage dips [24].

The dynamic model of a DFIG under symmetrical recurring grid faults is also
analyzed. The analysis is based on the common FRT strategies of the DFIG. That
is using rotor crowbar under voltage dips but normal control method under voltage
recoveries [25]. For the DFIG under recurring grid faults, the influences of the recur-
ring fault parameters on the performance of the DFIG are analyzed, which includes
the voltage dip level and the grid fault angle of the first voltage dip, as well as the
duration between two faults. The stator natural flux under recurring faults may be
superposed on the stator natural flux introduced by the voltage recovery, so a larger
transient voltage and current will be introduced [26]. The FRT ability of the DFIG
under asymmetrical recurring faults are also investigated, and it is found that the FRT
ability is reduced under recurring faults compared to that under single faults. Corre-
sponding simulations and experiment results are provided.
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CHAPTER 1 2

GRID FAULT RIDE-THROUGH
OF DFIG

In this chapter, the commonly used fault ride-through strategies for the DFIG WPS
are introduced, which include the improved control strategies and also new enhanced
hardware solutions. The improved control strategies normally use software changes
in order to apply the methods, for realizing the FRT of the DFIG, while enhanced
hardware solutions use additional circuits to assist the DFIG WPS to withstand the
voltage dips. Their effects have been compared and the corresponding simulations
and test results are shown. It should be also noticed in many cases that the hardware
solutions and improved control strategies need to be applied at the same time. At the
same time, for recurring fault ride-through, the challenges are also analyzed and the
corresponding FRT strategy is evaluated.

12.1 INTRODUCTION

The performance of a DFIG under grid faults has been analyzed in Chapter 11. The
voltage dips introduced by the grid fault will produce stator natural flux in the DFIG
windings. As this stator natural flux is rotating with the rotor speed referring to the
rotor windings, and a large rotor EMF may be introduced. The RSC may be satu-
rated by this large EMF and lose control to the DFIG. Furthermore, a transient rotor
overcurrent and over DC-bus voltage may be brought as well, which may harm the
RSC. Under asymmetrical grid fault, the unbalanced voltage will introduce negative-
sequence stator flux, together with the stator natural flux, which makes the situation
even worse. Under recurring faults, the stator natural flux generated during the voltage
recovery of the first grid fault may be superposed with the stator natural flux gener-
ated under the second fault, so larger transient current and voltage may be introduced
on the second fault.

On the other hand, it has been introduced in Chapter 3 that the grid codes
in many countries have required the WPS to ride through the grid faults, includ-
ing symmetrical grid faults, asymmetrical grid faults, and even recurring grid faults.
As a result, many efforts have been made on the fault ride-through of the WPS,
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Dehong Xu, Frede Blaabjerg, Wenjie Chen, and Nan Zhu.
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especially the fault ride-through of DFIG WPS. In this chapter, different fault ride-
through strategies are introduced, respectively, including the improved control strate-
gies and the hardware solutions. The improved control strategies normally use soft-
ware changes to apply the improved control for realizing the FRT of the DFIG, while
hardware solutions using additional circuit is used to help the DFIG WPS to withstand
the voltage dips. Their effects are compared with simulation and test results. In many
cases, the hardware solutions and improved control strategies need to be applied at
the same time. For the recurring fault ride-through, its challenges are analyzed and
the corresponding FRT strategy is also evaluated.

12.2 PLL UNDER GRID FAULTS

An accurate grid synchronous is a prerequisite of the control under grid faults, and this
is typically done by a PLL like a synchronization reference frame PLL. However, the
SRF-PLL introduced in Chapter 5 is designed only for the ideal grid voltage. Under
grid fault, the performance of the SRF-PLL needs to be re-evaluated.

12.2.1 SRF-PLL under Grid Faults

The SRF-PLL has been widely used in three-phase grid-connected system to pro-
vide the grid synchronous information; the scheme of the SRF-PLL is shown in
Figure 12.1.

In SRF-PLL, as long as the grid voltage in the dq reference frame is controlled
to be zero, the output phase angle will always track the grid phase angle. Under ideal
grid voltage, the ¢ components of the grid voltage v, is controlled and remains at
zero as long as the output of the PLL 6, tracks the grid angle. Under asymmetrical
grid faults, the three-phase voltage will be reduced symmetrically. It has been intro-
duced that the amplitudes of the balanced three-phase voltages are related to the d
components of the grid voltage v,;; so SRF-PLL will normally not be influenced by
the symmetrical grid faults. Notice that there may be grid phase jumps together with
the symmetrical voltage dips, in this case, and the PLL will operate at a new steady
state, and a transient process may be introduced.

Nevertheless, under asymmetrical grid faults, the three-phase grid voltages are
heavily unbalanced. It has been discussed in Chapter 11 that in this case, the grid
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Figure 12.1 Scheme of an SRF-PLL for DFIG synchronization.
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- . . - . o
voltage V. contains the positive sequence Veabe> NEGALIVE sequence v, and the

0

Z€1o sequence vgab

. at the same time, as expressed in (12.1).

=0
gabc +v

0 e (12.1)

- _ 2 =+ -
Veabe = Vga + Vg +a Voe = Vgabc +v

Normally, the DFIG WPS are three-phase, three-line system, so the zero
sequence can be neglected and then (12.1) can be rewritten as

- _ 2 _ =+ —_—
Veabe = Vga T gy + A Vee = Vo +V o (12.2)

where

cos(aw,t + ¢g+)

N 2
v;—abc = Vg+ cos (a)st_ §ﬂ+¢g+> [1 a 0(2] (123)

cos (a)st + %ﬂ' + ¢g+>

is the positive-sequence component, with amplitude Vg+ and phase angle ¢g+, and

cos(agl + ¢,7)

- _ 2 _ )
Veabe = Vg cos (a)st+ §”+¢g ) (1 a a7 (12.4)

cos (a)xt - %ﬂ' + d)g_)

is the negative-sequence component with amplitude V,~ and phase angle ¢, . If the
unbalanced grid voltage Y}'gubc is transferred into the synchronous dq reference frame,
the grid voltage synchronous with dqg reference end can be found as

1%
- _ gd oo - _ -4 —-_
Vedg = | (1= TpVeape = Tp(vgubc + Vgabc)
2q

(12.5)
cos(—2w,t — ¢, — ¢g+)

sin(=2w,t — ¢~ = P, ") [l

1
—y+ ; -
=V, 0 (1 j+V,

The corresponding voltage vector trajectory is shown in Figure 12.2. In the sta-
tionary abc and af reference frames, the trajectory of the positive-sequence voltage

v isacircle rotating anti-clockwise, while the trajectory of the negative-sequence
gabc

voltage Y/';a . is also a circle, but it is rotating clockwise. So the trajectory of the resul-

b
tant vector is an ellipse. In the dg reference frame, the positive-sequence voltage v+
gabc
is a fixed vector lying on the d-axis, while the trajectory of the positive-sequence volt-
age Y}';ahc is a circle rotating clockwise with an angular speed of 2w,. Consequently,
the angular speed of the resultant grid voltage w, is not equal to @, anymore, but it
contains fluctuations components introduced by the negative sequence. As a result,
the grid angle contains also a fluctuation component, as expressed in (12.6), and also
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(a) (b)

Figure 12.2 Unbalanced grid voltage trajectory: (a) In stationary abc and af reference
frames and (b) in the synchronous dg reference frame.

as illustrated in Figure 12.3.

V" sin(=2, — ¢, — ¢g+)
0, = 0, + arctan T — — T
V," 4+ V" cos(=2a4t — ¢,” —d,T)

(12.6)

As for the SRF-PLL, the grid angle of the negative sequence is only needed
for the dq transformation, and the fluctuation components in the grid angle will be
introduced as an error in SRF-PLL, as it is tracking the grid angle and angular speed
of the resultant grid voltage. In Figure 12.1, the g-axis grid current v,, will contain
an AC fluctuation component with a frequency of 2w, as it is also the input of the
PI controller and this AC fluctuation component will be found in the output of the PI
controller as well. If the PI controller is designed with a crossover frequency much
smaller than 2w, the AC fluctuation in the output of the SRF-PLL can be suppressed.

However, this will lead to a poor dynamic performance of the SRF-PLL.
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Figure 12.3  Grid angle detected by SRF-PLL under unbalanced grid voltage.
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Figure 12.4  Scheme of the SRF-PLL using an LPF.

12.2.2 SRF-PLL with a Low Pass Filter

Generally, there are two ways to ensure the PLL gets the phase information of the
positive-sequence grid voltage precisely under the unbalanced grid. One commonly
used method is to add an LPF after the PI controller if the crossover frequency of
the LPF is much smaller than 2w, and the output of the LPF will only contain DC
components, and the AC fluctuation component is suppressed. Its scheme is shown
in Figure 12.4.

However, the LPF in the control loop will also lead to a slower dynamic
response of the system, similar to the method to reduce the crossover frequency of
the PI controller. Under grid fault, sometimes the voltage dip will come together with
the phase angle jump. In this case, if the PLL cannot respond to the phase jump fast
enough, a phase error will be introduced during grid faults.

12.2.3 SRF-PLL with Negative/Positive-Sequence Separation

Another method is to separate the negative-sequence and positive-sequence grid
voltages, and only use the positive sequence as the input of the PLL, as shown in
Figure 12.5.

The sequence separation is the key to achieve the phase tracking for the
positive-sequence grid voltage under the unbalanced grid. The output of the sequence-
separation block contains only the positive-sequence grid voltage, so that the SRF-
PLL can work in the same way under ideal grid voltage. The sequence-separation
blocks are normally designed using a time-delayed method and one of the methods
is introduced below.

v, Vsa Vea Ved '
ga —| —| _ o,
8 8 + L ——
v 55 [« T w, .
gb —» 3 —>| Tabc'/a/} v ap/dq . *
2 |yt 8 Vg . o 1
R > - Pl o] |l imod

vgc —> - S T 0 "y
t

Figure 12.5 Scheme of the SRF-PLL with voltage-sequence separation.
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The relationship among the positive, negative, zero components, and the grid
abc voltage can be found as

T/'gabCJr I 1 1[|vg,
Veabe” | = % 1 a o?||vy (12.7)
Y/'gabco 1 o al|v
So, the positive-sequence three-phase grid voltage v,,*, v,™, v, * can be
expressed as (12.8).
Vea 1 1 a a?||Vsa
vy | = vgab;:% a? 12 a|lvg (12.8)
v;'C o a « 1 Ve

The corresponding time domain relationship of (12.8) can be expressed as

-

V;a(t) = % [vga(t) + ng (t - ZTY/3) + Vgc (t - TS‘/3)]

J v;jb(t) = % [Vea (1= T5/3) + vep(®) + vy, (1 = 2T,/3)] (12.9)
v;"(t) = % [Vga (t - 2T5/3) + vgb (t - TS/3) + vgc(t)]

With (12.9), the positive components in three-phase grid voltage can then be
calculated. T is the period of the three-phase voltage. As it needs prior information on
the three-phase grid voltage 27 /3, the response time of this method cannot be faster
than 27, /3. For the AC components with the period of T, it satisfies the following
relationship:

Ve (1= 2T,/3) = —vg (1 = 2T, /3 + T,/2) = —v,, (t = T,/6)  (12.10)

This relationship can also be applied to u, and u,., so (12.9) can be rewritten

8¢’
as

-

vga+(t) = % [vga(t) — Vgb (t - T€/6) + Ve (t - T\"/S)]

q Ver () = % [Vea (1= T5/3) + vgp(®) = vy, (1 = T,/6)] (12.11)
v H(1) = % [=Vea (1= T5/6) + vy, (= T,/3) + v, (0]

L

Compared to (12.9), the calculation of (12.11) only needs 7, /3; so the dynamic
response speed can be improved. As a result, the sequence-separation method as
expressed in (12.11) is used in this book. Other parts of the SRF-PLL is the same
as that introduced in Chapter 5, and it will not be introduced again.
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Figure 12.6 Test performance of (a) convention SRF-PLL and (b) SRF-PLL with sequence
separation under symmetrical grid faults.

12.2.4 Test Results of PLL with Sequence Separation

Experiments are carried out on the 30 kW DFIG test system to show the performance
of the SRF-PLL and the SRF-PLL with sequence separation under grid faults. The
grid faults are generated by the AC-source connected to the stator of the DFIG. The
performance of the conventional SRF-PLL and the SRF-PLL with sequence separa-
tion under symmetrical grid faults are shown in Figure 12.6. The three-phase grid
voltage dips with a dip level of 80% is introduced by the grid faults (only two phases
are shown in Figure 12.6). As for the symmetrical grid fault, no negative-sequence
grid voltage is introduced. Both the conventional SRF-PLL and the SRF-PLL with
sequence separation can track the grid-phase angle successfully. Only some fluctua-
tions in the grid frequency are introduced, with an amplitude no more than 1 Hz, and
it is decaying after about 80 ms.

The performance of the conventional SRF-PLL and the SRF-PLL with
sequence separation under asymmetrical grid faults are tested and shown in Fig-
ure 12.7. One phase voltage is reduced to 50% of the normal value while the other
phases remain at the normal grid voltage. It can be found from Figure 12.7a that
the grid frequency fluctuations are introduced by the unbalanced grid voltage for the
conventional SRF-PLL. As for the SRF-PLL with sequence separation, it can be seen
from Figure 12.7b that the grid frequency and phase angle remains steady after the

© Grid-Voltage 300 V/dlv 10 ig/div Gnd voltage 300 V/div 10 msydiv
/\/\ f\( \ PR TRy ~
oV o/ AN N /\ WREE BPEGIRG Ve B Ve B
) f\ ‘f \/ \/ \, TAS TAR TAV WA UAY

v N AN NN MY M

Phase angle 4 rad/div Phase angle 4 rad/div

L1 ',/' /_,/" ,,/" ___// y L1 /"""’ ' o -] /..,v"'
0 —» L L L L L 0 - el L o L =
50 Hz | Orid frequency S Hzldv - ~| 50 Hz _, Grid frequency 5 Hz/div A SO SR SRR

(a) (b)

Figure 12.7 Test performance of (a) convention SRF-PLL and (b) SRF-PLL with sequence
separation under asymmetrical grid faults.
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Figure 12.8 Test performance of SRF-PLL with sequence separation under grid frequency
changes.

unbalanced voltage dips, the transient process last for about 6 ms. The SRF-PLL with
sequence separation is able to track the phase angle of the positive-sequence grid volt-
age under unbalanced grid faults.

In Figure 12.8, the grid frequency changes from 50 to 52 Hz abruptly. It can be
found that the SRF-PLL with sequence separation responds to the frequency change
at once, and the steady state is restored in about 100 ms. The dynamic performance of
the SRF-PLL with sequence separation for frequency changes is acceptable. Notice
that in the real power system, the frequency will not change so fast, as the inertia of
the power system typically is very large.

12.3 FRT STRATEGIES FOR DFIG BASED ON
IMPROVED CONTROL

It has been studied in Chapter 11 that the conventional vector control is not able to
control the DFIG under grid faults properly. As with the conventional vector control,
the large rotor EMF introduced by the voltage dips may introduce large transient cur-
rent and voltage in the RSC and the DFIG. Also, the stator natural flux introduced
by the grid voltage dips decays slowly with the conventional vector control, which
makes the transient process longer, and more difficult to overcome. The improved
control strategies aim to suppress the overcurrent and overvoltage of the DFIG and
RSC under grid faults, as well as accelerate the decaying of the stator natural flux,
and make the transient process introduced by the voltage dips shorter. The merits of
the FRT strategies based on the improved control include the lower cost and ease of
implementation, as normally only software changes are necessary. Also, the DFIG
is under control all the time, and it is much easier to switch back to normal opera-
tion, compared to the hardware solutions which will be introduced in the next sec-
tion. However, as the capacity of the RSC is limited, the FRT strategies based on the
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improved control is also limited due to the controllable range. If the DFIG is oper-
ating outside the controllable range, for example, if the voltage dip level is too high,
the RSC may also be saturated and lose control of the DFIG.

Many improved control strategies have been evaluated for the FRT of the DFIG
WPS. However, in this section, three different FRT strategies based on the improved
control are introduced as examples. They are the demagnetizing current control, the
flux linkage tracking control, and the feedforward transient compensation control.
Their controllable range, the damping time constant of stator flux, and the torque
fluctuation are analyzed at different rotor speeds and voltage dip levels. Correspond-
ing simulation and test results are given too.

12.3.1 Demagnetizing Current Control

Similar to an induction motor, the demagnetizing current control of the DFIG applies
arotor current reference which is opposite to the stator natural flux, so that the damp-
ing of the stator natural flux can be accelerated [1]. This method has been introduced
in Chapter 11 under grid fault and for the natural machine; the relationship between
the rotor natural current _z:,,l and the stator natural flux ¥, can be expressed as given
(11.3) and it is rewritten here in (12.12).

d R, L -

L, ==, + 2R (12.12)
\)

dt L L i strn

S S

If the rotor natural current ?m is controlled to be in the opposite direction of the

stator natural flux y,, which means
iy, = —kipy, (12.13)

where k> 0 is the demagnetizing coefficient. By substituting (12.13) in (12.12), the
stator natural flux can be derived as

t
L

li}sn = lpsnoe RS+k2mRS (1214)

where y,, is the initial value of the stator natural flux, under symmetrical dip, y,, ~

p ]Z)—S The stator time constant with demagnetizing current control becomes

LS
T, = m (12.15)
Compared with the rotor open circuit, where
LS
B=g (12.16)

It can be found that as long as k > 0, the stator time constant with demagnetizing
current control will always be smaller than that with the rotor open circuit, which
means that the damping of the stator natural flux is accelerated by the demagnetizing
current control; so the transient process brought by the voltage dip can be finished
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Figure 12.9 Scheme of the demagnetizing current control.

much faster. The control scheme of the demagnetizing current control for the FRT of
the DFIG is shown in Figure 12.9.
The stator natural fluxes y,; and y,, are observed by the flux observer, and

:;J; and i:f,fq are calculated accordfing to (12.13).
¢

Then, they are calculated with the rotor-forced current references i’rf o and z:;; from
the power control loop, and the sum of them is the current reference of the current
inner loop. The rest part of the control scheme is similar to that in the conventional
vector control. Noticed that if the DFIG is in normal operation, the stator natural flux

components y,; and y,, are zero, and so the current reference only contains the

the rotor natural current references i

rotor-forced current reference ireg and i"?. The demagnetizing current control does
not need to be enabled and disabled during and after these grid faults.

The demagnetizing coefficient k is a control parameter to be designed. The
relationship between the demagnetizing coefficient k and the stator time constant 7
after the demagnetizing control is applied is as shown in Figure 12.10. The 1.5 MW
DFIG WPS is taken as an example. It is easy to conclude that the stator time constant
7, is reduced with the increase of k, which means the damping of the stator natural flux
y,, is faster with larger k. So, from this point of view, the demagnetizing coefficient
k should be chosen as large as possible.
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Figure 12.10  Relationship between stator time constant 7, and demagnetizing coefficient k
fora 1.5 MW DFIG.

On the other hand, as the control is achieved by the RSC, the hardware capacity
of the RSC must be taken into account too. With (12.13) and (12.14), the rotor current
can be found as

v t

- v -L

iy = —kp——1 s 12.17

L pja)y Ysno€ ( )

Then the rotor voltage can be derived from the rotor equations, as given in
(11.4). It is rewritten here in (12.18).

d . - - 2 d . 2
<E —]CO,,) Vs = Vi = Ry, — (E _Jwr> oL,iy, (12.18)

The relationship between the rotor current amplitude |7r| and demagnetizing

coefficient &, as well as between the rotor voltage amplitude |T5,|, and the demagne-
tizing coefficient k are shown in Figure 12.11. The 1.5 MW DFIG WPS is taken as
an example, the grid fault is a symmetrical fault with the voltage dip level of 60%,

- 2 N 1
ir| (pu) V| (pu)
1.5 5 0.75
! 0.5 Q.45
0.5 0.25
0 0
0 04 08 12 16 2 0 04 08 12 1.6 2
k k

(a) (b)
Figure 12.11 Relationship between (a) the amplitude of rotor current; (b) rotor voltage, and
demagnetizing coefficient k, when the voltage dip level is 60%.
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Figure 12.12 Relationship between (a) the amplitude of rotor current; (b) rotor voltage, and

demagnetizing coefficient k, with different symmetrical voltage dip level in the 1.5 MW
DFIG.

and the rotor speed is 1.2 pu. The rotor current amplitude ’_z;’ is increased with the

increase of k, while the rotor voltage amplitude |v,| is decreased with the increase of
k. Noticed they all have a limitation as labeled in Figure 12.11. Normally, the tran-
sient rotor current cannot exceed 1.5-2.0 times the rated value (horizontal dark line
in Figure 12.11a). With respect to the rotor voltage, as it is the output voltage of the
RSC, it is limited by the DC-bus voltage of the RSC. In the 1.5 MW DFIG WPS, it
is 1200 V; so the rotor voltage is limited to be about 692 V at the rotor side, which is
about 0.45 pu referring to the stator side (horizontal dark line in Figure 12.11b). If the
actual rotor voltage amplitude is larger than this value, the RSC may be saturated and
the DFIG may be out of control for a short time. So in this case, k should be chosen
larger than 1.6 to ensure the DFIG is in the controllable range.

It should be noticed that the relationship shown in Figure 12.11 will be different
for different voltage dip levels p and rotor speed w,. With different voltage dip levels
p, the relationship between the rotor current amplitude and demagnetizing coefficient
k, as well as between the rotor voltage amplitude and demagnetizing coefficient k, are
shown in Figure 12.12. The rotor speed w,. is fixed to be 1.2 pu. With different rotor
speeds @,, their relationship is shown in Figure 12.13; the voltage dip level p is 80%.

2 1
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1 w,=10pu ¢>‘" 0.5 el e ~ 043
©, =08 po P ©,=08pu-—"--"."
0.5 e 025
g
z/’
P
0
0 04 08 12 16 2 0 04 08 12 16 2
k k
(a) (b)

Figure 12.13 Relationship between (a) the amplitude of rotor current; (b) rotor voltage, and
demagnetizing coefficient k, with different rotor speeds.
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Figure 12.14 (a) Relationship between the rotor voltage amplitude |§,| and rotor current
amplitude ?, with different voltage dip levels and (b) the controllable range of the
demagnetizing control (shadowed area).

In general, the rotor current amplitude |7r’ with the same k increases with an increase
of the voltage dip level, and it is about the same with different rotor speeds. Regarding
the rotor voltage amplitude |T5r| with the same £, it is increased with the increase of
voltage dip level and the rotor speed.

Notice that when the rotor speed w,. is 1.2 pu, and the voltage dip level is 80%,

the rotor current amplitude |;r| will exceed 1.5 pu when £ is larger than 1.8, while
the rotor voltage amplitude |T5r| will not be smaller than 0.45 pu if k is smaller than
2. This means that no matter what k is, the rotor current amplitude |7,| or the rotor

voltage amplitude |§,| is going to exceed the limited value. So, the 80% voltage dip
with the rotor speed of 1.2 pu is beyond the controllable range of the demagnetiz-
ing current control. To make it more clear, the relationship between the rotor voltage
amplitude |Y5,| and rotor current amplitude 7, with different voltage dip levels can be
derived from (12.17) and (12.18). By eliminating k, as shown in Figure 12.14a, the
rotor speed is 1.2 pu. The shadowed area indicates the safe operation area of the RSC
if the corresponding line is covered by the safe operation area of the RSC; the RSC
is able to control the DFIG with demagnetizing current control under grid fault with
the corresponding voltage dip level and rotor speed. For 80% voltage dips, the corre-
sponding line is out of the controllable range, which means the DFIG cannot work in
the safety range with demagnetizing current control under 80% voltage dips; it is out
of the controllable range. With this method, the controllable range of the demagnetiz-
ing control can be evaluated for a 1.5 MW DFIG, under symmetrical voltage dips, as
shown in Figure 12.14b (the shadowed area). With demagnetizing control, the DFIG
is able to ride through full voltage dips when the rotor speed is smaller than 0.9 pu.
When the rotor speed is 1.2 pu, the largest voltage dip level that the DFIG is able to
ride though is about 75%. If the DFIG is out of the controllable range, the RSC may
be saturated, and the DFIG may be out of control for a short time.
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Figure 12.15 Simulation results of the 1.5 MW DFIG with demagnetizing current control
under symmetrical voltage dips: (a) With the voltage dip level of 80% and (b) with the
voltage dip level of 60%.

The simulation results of a 1.5 MW MATLAB simulation model, as well as
the experiment results on a 15 kW DFIG test bench, is shown in Figures 12.15 and
12.16, respectively. The DFIG is controlled by the RSC with demagnetizing current
control under symmetrical voltage dips. The waveforms of the three-phase grid volt-
age, rotor current, stator current, the stator flux in dg reference frames, as well as the
torque fluctuations, are shown in Figures 12.15 and 12.16. The rotor speed is 1.2 pu
in Figure 12.15, and 1.1 pu in Figure 12.16. The voltage dip level is 80% in Figures
12.15a and 12.16a. After the voltage dip, the demagnetizing current control generates
rotor current in the opposite direction of the stator natural flux, which is the 60 Hz
frequency components in the rotor current in Figure 12.15a, and a 60 Hz frequency
component in the rotor current in Figure 12.15a. As the stator natural flux is a DC
component in stator abc reference frame, it is rotating with the rotor speed referring
to the rotor reference frame. The stator natural flux components, which are the AC
components with a frequency of f; in the stator dg flux, is damping very fast after
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Figure 12.16  Test results of the 1.5 MW DFIG with demagnetizing current control under
symmetrical voltage dips: (a) With the voltage dip level of 80% and (b) with the voltage dip
level of 60%.

the voltage dips. Compared to the performance of the DFIG with conventional vector
control (Figurel1.11), the decay of the stator natural flux is obviously accelerated by
the demagnetizing current control. As has been discussed above, the 80% voltage dips
with 1.2 pu rotor speed is out of the controllable range of the demagnetizing control;
so the RSC is saturated for a short time after the voltage dips and large transient rotor
current and stator current is introduced, but only last for a short time, as the stator
natural flux is decaying fast. A transient electromagnetic torque is also introduced
after the voltage dips; besides that, the AC electromagnetic torque fluctuations can
be found after the voltage dips, which is introduced by the rotor natural current and
stator-forced flux.

In Figures 12.15b and 12.16b, the voltage dip levels are 60% and 50%, respec-
tively; they are covered by the controllable range of the demagnetizing control. The
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Figure 12.17 Scheme of the flux linkage tracking control for the DFIG under voltage dip
operation.

rotor current and stator current are controlled below the limitation and the damping
of the stator natural flux is accelerated by the control.

12.3.2 Flux Linkage Tracking Control

The flux linkage tracking control controls the rotor flux linkage to track part of the
stator flux linkage by altering the output rotor voltage of the RSC, in order to keep
the rotor current under control and to accelerate the damping of the stator natural
flux. The control scheme of the stator flux linkage tracking control is shown in Fig-
ure 12.17. The stator flux linkage ; and rotor flux linkage y, in dq reference frames
are observed by the flux observer. Then the rotor flux linkage in the dg reference
frame (y,4.y,,) is controlled to track part of the stator flux linkage in the dq reference
frame (K7yy, K7y, and 0 < Ky < 1) [2]. The corresponding rotor flux references
are expressed as

ref

Vg = Krwa

{ ref (12.19)
qu

= KTqu
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If the controllers are assumed to be ideal controllers, then the rotor flux linkage
y, follows the reference perfectly, which means

Vrtg = Kiioag (12.20)

Substituting (12.20) in the flux linkage function of the DFIG in the dq reference
frame (12.21), (12.22):

- -

Wydg = Lintyag + Lylsaq (12.21)
lI_}rdq = Lm .sdq + Lrirdq (12.22)
The relationship between the rotor current and the stator flux can be found as
= Kr—-1

e ™ ——— (12.23)
" Llr+Lls e

As 0 < Ky < 1, the coefficient Ky -1
Llr+Lls

which means the rotor current is in the opposite direction of the stator flux. The stator
flux under voltage dips contains the stator natural flux, stator-forced flux, and stator
negative flux under asymmetrical dip. As a result, the corresponding rotor natural
current is in the opposite direction of the stator natural flux, similar to that in demag-
netizing control, and it is given in (12.24).

1., ~
" Llr + Lls
Therefore, the decaying of the stator natural flux can be also accelerated in this

case. Furthermore, as the electromagnetic torque 7, of the DFIG can be expressed
as

in (12.23) is actually a negative value,

W (12.24)

3 PS Lm

= ———— W W — VW) (12.25)
2 LS Lr _ Lm2 sq ¥ rd sd¥'rq

em

Substituting (12.19) in (12.25), it can be found the electromagnetic torque of
the DFIG is close to zero if the flux linkage tracking control is used. So, the elec-
tromagnetic torque fluctuations of the DFIG are suppressed under voltage dip by the
flux linkage tracking control.

Simulation results of the 1.5 MW DFIG WPS with flux linkage tracking con-
trol under symmetrical grid faults are shown in Figure 12.18. The rotor speed is
1.2 pu, and the DFIG is generating 1 pu active power before the fault happens. In
Figure 12.18a, the voltage dip level is 80%, and the flux linkage tracking control is
enabled after the grid fault. It can be found the decay of the stator natural flux (AC
components in stator dg flux) is accelerated after the voltage dips, compared with the
normal vector control, and the electromagnetic torque fluctuations are much smaller
compared to the demagnetizing control. A transient over rotor current up to 1pu and
stator current up to 2.7 pu can be found after the voltage dip, as the RSC may be
saturated for a short time. In Figure 12.18b, the voltage dip level is reduced to 60%,
and the flux linkage tracking control is able to limit the rotor current below 0.6 pu
and limit the stator current to be below 2 pu. The decay of the stator natural flux
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Figure 12.18 Simulation results of a 1.5 MW DFIG with flux linkage tracking under
symmetrical voltage dip: (a) With the voltage dip level to be 80% and (b) with the voltage dip
level to be 60%.

(AC components in stator dqg flux) is also accelerated and the electromagnetic torque
fluctuations are suppressed.

Test results on the 15 kW DFIG test system with flux linkage tracking control
under symmetrical grid faults are shown in Figure 12.19. When the rotor speed is
1.06 pu, the DFIG is generating 0.2 pu active power before the fault happens. In Fig-
ure 12.19a, the voltage dip level is 80%. It can be found that the decay of stator natural
flux (AC components in stator dg flux) is accelerated after the voltage dips, compared
to the normal vector control. Except for a large transient torque pulse after the voltage
dip, the electromagnetic torque fluctuations are much smaller compared to demagne-
tizing control. Large transient rotor over currents up to 20 A and stator currents up to
about 50 A can be found after the voltage dips, as under 80% voltage dips with super-
synchronous speed, the RSC may be saturated for a short time after the voltage dips.
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Figure 12.19  Test results of the 15 kW DFIG with flux linkage tracking under symmetrical
voltage dips: (a) With a voltage dip level of 80% and (b) with a voltage dip level of 60%.

In Figure 12.19b, the voltage dip level is reduced to 60%, the flux linkage tracking
control is able to limit the rotor current under 10 A, and limit the stator current under
about 30 A. The decay of stator natural flux (AC components in stator dg flux) is also
accelerated and the electromagnetic torque fluctuations are suppressed.

12.3.3 Feedforward Control

The feedforward control during FRT tries to suppress the transient rotor current intro-
duced by the voltage dips, to ensure safe operation of the DFIG. The rotor equation
of the DFIG under voltage dip have been introduced in (12.18). The rotor equivalent
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Figure 12.20 Rotor equivalent circuit of the DFIG under voltage dips.

circuit of the DFIG under voltage dip can then be derived as shown in Figure 12.20.
In this case

Y (d . N O i
A e L (1226)

is the rotor EMF introduced by the stator natural flux. The rotor voltage v/, is the
RSC output voltage. It can be seen that when the rotor EMF €/ is much larger than

the RSC output voltage v/, , large transient rotor current 7;1 will be introduced. This
may be caused by the following reasons:

* The rotor EMF ¢/ introduced by the voltage dip occurs abruptly, while the
response speed of the RSC output voltage v/, is limited by the dynamic perfor-
mance of the control loop; so ¥/ is not able to respond timely.

* The rotor amplitude EMF ¢/ introduced by the voltage dip is too large, while
the RSC output voltage V! is limited by the DC-bus voltage, so the RSC is
saturated and a transient rotor current is introduced.

The proposed feedforward control uses the feedforward terms to enhance the
dynamic performance of the RSC in order to make the RSC response quickly against
the rotor EMF introduced by the voltage dips, so the rotor transient current can be
suppressed [3, 4].

The scheme of the feed forward control of the DFIG under voltage dips is shown
in Figure 12.21. The stator natural flux can be calculated from the flux observer and
the feedforward term calculated from (12.26) is added to the rotor reference; so the
RSC is able to response quickly against grid voltage dips. The rest of the control is
similar to that in a conventional vector control method.

However, the feedforward control cannot suppress the transient current intro-
duced by the RSC saturation. As the control target is to control the rotor natural cur-
rent to be zero, the required rotor voltage can be found as (12.27).

I0) .
Vo=¢ ~——pV.e ! (12.27)

On the other hand, the maximum amplitude of the RSC output voltage is limited
by the DC-bus voltage, as given by

(12.28)
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Figure 12.21  Scheme of the feedforward control for the DFIG under voltage dips.

From (12.27) and (12.28), the controllable range of the feedforward control
for the DFIG can be calculated. Take the 1.5 MW DFIG as an example, the control-
lable range is shown in Figure 12.22. The DFIG with feedforward control is able to
ride through about 50% voltage dips under a rotor speed of 1.2 pu, and 65% voltage
dips under a rotor speed of 0.8 pu. Generally speaking, the controllable range of the

0.2

0.4 -

0.6

Voltage dip level

0.8 -

1 J
0.8 0.9 1 1.1 1.2
Rotor speed (pu)

Figure 12.22 Controllable range of the feedforward control of the DFIG under symmetrical
grid faults.
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feedforward control is smaller than the demagnetizing control, as for the demagnetiz-
ing control, the voltage drop at the rotor resistance and leakage inductance will make
the required rotor voltage smaller. It should be noticed that even the RSC is saturated
out of the controllable range; the rotor current may be still be within the limitations
as long as the saturation is not too deep.

For the feedforward control, as the control target is to suppress the rotor natural
current to be zero, in this case, the stator time constant after the feedforward control
is applied will be similar as that of open rotor circuit, which is

T, S (12.29)

The damping of the stator natural flux is not accelerated in theory.

The feedforward control can also be used under asymmetrical grid faults. In this
case, the feedforward terms should also include the negative-sequence components
rotor EMF, as expressed in (11.16).

Some simulation results from a 1.5 MW MATLAB simulation model, as well
as experimental results from a 15 kW DFIG test bench, for the DFIG with feedfor-
ward control under symmetrical voltage dips are shown in Figures 12.23 and 12.24,
respectively. The waveforms of the three-phase grid voltage, rotor current, stator cur-
rent, the stator flux in dg reference frames, as well as the torque fluctuations, are
shown in Figures 12.23 and 12.24. The rotor speed is 0.8 pu in Figure 12.23a, and
1.2 pu in Figure 12.23b. The voltage dip level is 60% in Figure 12.23. The simula-
tion results in Figure 12.23a shows that after the voltage dips, the feedforward control
suppressed the transient rotor current, the transient rotor current is limited to less than
0.5 pu, and the transient stator current is also limited to 1.2 pu at most. However, the
damping of the stator natural flux, which is the AC components in the dq reference
frame, is much slower compared to the DFIG with demagnetizing control, as shown
in Figure 12.15. In Figure 12.23b, the RSC is saturated after voltage dips, as the cor-
responding rotor speed and voltage dip level are out of the controllable range. Larger
transient rotor and stator currents are then introduced.

Some test results are shown in Figure 12.24. The rotor speed is 1.1 pu; in Fig-
ure 12.24a, the voltage dip level is 40% while in Figure 12.24b, the voltage dip level
is 60%. As for Figure 12.24a, the 40% voltage dips under 1.1 pu rotor speed covered
by the controllable range of the feedforward control, the rotor current, stator current
is limited. But the damping of the stator natural flux is slower compared to the demag-
netizing control, as shown in Figure 12.16. In Figure 12.24b, as the 60% voltage dips
under 1.1 pu rotor speed is out of the controllable range, larger transient rotor and
stator currents are introduced for a short period.

12.4 FRT STRATEGIES BASED ON
HARDWARE SOLUTIONS

The FRT strategies based on improving the control have been introduced in the last
section; they can limit the transient current under voltage dips, and some of them are
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Figure 12.23  Simulation results of the 1.5 MW DFIG with demagnetizing current control
under symmetrical voltage dip: (a) With the rotor speed of 0.8 pu and (b) with the rotor speed
of 1.2 pu.

able to accelerate the damping of the stator natural flux. However, it has been analyzed
that the voltage and current capacities of the RSC may not satisfy the rotor voltage
needed for the improved control strategies. As shown in Figures 12.14b and 12.22,
for the 80% voltage dip at 1.2 pu rotor speed, the RSC may be saturated with either
demagnetizing control or feedforward control. In this case, large transient rotor cur-
rents and stator currents may be introduced, as shown in Figure 12.15a, also in Figures
12.24a and 12.24b, up to 1pu rotor transient current and 3pu stator transient currents
may be introduced. On the other hand, many countries demand the DFIG WPS to
ride through 80% voltage dips, and in some countries, even 100% voltage dip ride-
through capabilities are demanded. Consequently, only improved control methods are
not enough for the FRT of the DFIG under grid faults [5, 6].

Hardware solutions are use additional circuits, in order to assist the DFIG to
ride through serious grid faults. This may lead to additional cost and weight, but they
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Figure 12.24  Test results of the 1.5 MW DFIG with demagnetizing current control under
symmetrical voltage dip: (a) With a voltage dip level of 80% and (b) with a voltage dip level
of 60%.

provide a reliable protection for the RSC and DFIG under voltage dips. Many kinds of
hardware solutions have been applied or analyzed for the DFIG. In this section, four
typical hardware solutions, including the rotor-side crowbar, DC choppers, stator/
rotor breaking resistance, and the dynamic voltage restorer (DVR) are going to be
introduced as solutions.

12.4.1 Rotor-Side Crowbar

The rotor-side crowbar is one of the commonly used hardware solutions for the DFIG
to ride through grid faults. The rotor-side crowbar short-circuits the rotor windings
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Figure 12.25 Rotor-side crowbar consists of (a) three-phase resistor and switches;
(b) rectifier, and DC-side resistor.

under grid faults, so that the transient rotor current can be limited and the RSC can
be protected [7]. The rotor-side crowbar normally consists of a three-phase resistor
and the three-phase switches, as shown Figure 12.25. In some cases, the rotor-side
crowbar with the rectifier and a DC-side resistor and a DC switch is used, as this
concept may be more cost-efficient compared to the three-phase concept. It has been
discussed in Chapter 6 that if the current amplitude in the three-phase crowbar and the
DC-switch crowbar are the same, the equivalent relationship of the crowbar resistance
in the three-phase crowbar R, and DC-switch crowbar R, ;. can be found as

R, = ?Ruk (12.30)

The scheme of a DFIG WPS with a rotor-side crowbar is shown in Figure 12.26,
and its action under voltage dips are illustrated in Figure 12.27. After the grid fault,
the voltage dip will be introduced. The crowbar will be enabled according to the
fault-detection algorithm [8]. When the voltage dip is detected, the rotor current is
larger than the safety value, or the DC-bus voltage is larger than the safety limita-
tion, as illustrated in Figure 12.26. The RSC is then disabled so that the transient
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Figure 12.26  Scheme of a DFIG WPS with rotor-side crowbar.
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Figure 12.27 Action of the DFIG WPS with rotor-side crowbar activation under voltage
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overcurrent are all taken by the crowbar, at the time of #, in Figure 12.27. With the
crowbar enabled, the DFIG will operate as a cages generator, and reactive power will
be absorbed from the grid. The dynamic model of the DFIG with rotor-side crowbar
has been introduced in Chapter 11, so it will not be repeated here. After a few tens
of milliseconds, at the time #; in Figure 12.27, as the stator natural flux introduced
by the voltage dips has been damped fast when the crowbar is enabled, it is relatively
smaller at #;, so the RSC is able to control the DFIG in this case. Then, the crowbar is
disabled and the RSC is restarted to control the DFIG. After ¢, the DFIG is controlled
by the RSC to generate reactive current to support the grid, as demanded by the grid
codes. The restart of the RSC is also an important issue. Normally, the crowbar needs
to be disabled first, then after one or two switching periods, the RSC can be restarted.
The integrator of the inner current control loop of the RSC should be reset to zero in
order to prevent a transient overt current introduced by the restart of the RSC.

Assuming the grid fault is cleared at ¢,, the grid voltage will restore to the
normal voltage, as shown in Figure 12.27. The crowbar may be enabled again here,
according to the transient current and DC-bus voltage during voltage recovery. It
has been introduced in Chapter 11 that the stator natural flux introduced during the
voltage recovery is normally smaller than that under voltage dips. As the result, in
most cases, the crowbar will not be triggered during voltage recovery. The RSC will
control the DFIG during voltage recovery, as shown in Figure 12.27.

The rotor-side crowbar can also be used together with improved control strate-
gies, for example, for the demagnetizing control. In this case, the crowbar will only
be enabled for a short time when the DFIG is out of the controllable range. As soon
as the RSC is able to control the DFIG with demagnetizing control, the crowbar can
be switched off.
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Figure 12.28  Scheme of the DFIG WPS using a DC chopper for FRT.

12.4.2 DC Chopper

The DC chopper is a breaker resistance in the DC bus, as shown in Figure 12.28. It
has been analyzed that under voltage dips, the RSC may be saturated as the EMF
introduced by the stator natural flux is too large. In this case, the rotor current may
flow into the DC bus of the RSC and lead to DC-bus overvoltage, which will destroy
the switching devices immediately. The DC chopper is enabled when the DC-bus
voltage is over the safety value, then the energy from the RSC can be dissipated on
the resistor of the DC chopper thereby the DC-bus voltage is limited [9].

If the RSC is disabled when the DC chopper is activated at the DC link, the
DC chopper will act as a rotor-side crowbar from the rotor-side point of view. In this
case, the DFIG will be out of control and the stator side will absorb a large amount of
reactive power from the grid. However, the DC chopper is usually cooperating with
the improved control strategies under voltage dips. When the RSC is saturated and/or
when the rotor EMF is too large for the RSC to handle, the DC chopper can absorb
the power fed to the DC link and thus avoid an overvoltage of the DC capacitor. The
safety operation is guaranteed under serious voltage dips.

The DC chopper can also be used together with a crowbar. In this case, the
rotor current can be shared between the DC chopper and the rotor-side crowbar. The
activation time of the rotor-side crowbar can somehow be reduced.

12.4.3 Series Dynamic Breaking Resistor

The rotor-side crowbar uses a resistor in parallel with the rotor windings of the DFIG,
so the rotor current can be limited. Another approach is to add resistors in series with
the DFIG windings, so that the rotor and stator currents can also be limited, as shown
in Figure 12.29. It is also mentioned as a series dynamic braking resistor (SDBR), as
shown in Figure 12.28. The SDBR can be placed on the stator side or on the rotor side.
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Figure 12.29  Scheme of the DFIG WPS with SDBR.

It is connected to the stator or rotor circuit when the voltage drops, so the stator or
rotor resistance is enlarged, then the transient current can be limited [10, 11]. Besides,
as the stator time constant with vector control can be found as

T, = (12.31)

The SDBR on the stator side will increase the stator resistance Ry, the stator
time constant 7, will be reduced, which means the damping of the stator natural flux
will be accelerated.

When the SDBR is enabled, the RSC does not need to be switched off and
the DFIG can be under control all the time. However, when the DFIG is providing
reactive power to the grid, the SDBR should be disconnected, otherwise, the power
losses on the SDBR will be very large.

12.4.4 Dynamic Voltage Restorer

The DVR is a voltage source converter in series connected to the stator side of the
DFIG, as shown in Figure 12.30. With the DVR, the stator voltage of the DFIG is
the sum of the grid voltage and the output voltage of the DVR. So under the voltage
dip, the DVR is able to compensate for the grid voltage dip and the stator side of the
DFIG does not “see” the voltage dips; then no transient stator current, rotor current,
or DC-bus voltage will be introduced in the DFIG.

The main disadvantage of the DVR is the higher cost of the converters and the
inductor, compared to the rotor-side crowbar or the DC chopper. Also, in some cases,
the DVR is used to compensate part of the grid voltage dips, so that the transient
stator, rotor current, and DC-bus voltage will be reduced, and the RSC is able to
control the DFIG for all voltage dips [12]. As in this case, the capacity of the DVR
can be reduced.
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Figure 12.30  Scheme of the DFIG WPS with dynamic voltage restorer (DVR) to handle a
complete fault ride though.

A similar strategy can also be used on wind farm terminal, so all the WPS
terminal voltage in the wind farm can be compensated. It is normally mentioned as
static synchronized serious compensator (SSSC) [13].

12.5 RECURRING FAULT RIDE THROUGH

It has been analyzed in Chapter 11 that under recurring grid fault, the voltage recovery
of the first grid fault will also introduce the stator natural flux. If this stator natural
flux still exists when the next grid fault happens, the stator natural flux produced
by the voltage recovery and by the next voltage dip may be superposed. If vector
control is applied after voltage recovery, the stator natural flux decays slowly after the
voltage recovery of the first grid fault. In a large-scale DFIG WTS, the typical stator
time constant is around 1-2s. On the other hand, the shortest duration between two
faults is only 500 ms according to some grid codes. As a result, the stator natural flux
produced by the voltage recovery and by the next voltage dip may be superposed and
the transient current and voltage under recurring faults may be larger than that under
single fault. The result is that the DFIG may fail to ride through the recurring faults
even with rotor-side crowbar. On the other hand, if the crowbar is triggered again
during voltage recovery, the rotor current can accelerate the damping of the stator
natural flux. But as the rotor current is not under control, large electromagnetic torque
(EM-torque) fluctuations may be introduced. It will also influence the reliability of the
mechanical system. Consequently, the FRT strategies designed for single grid faults
seem not to be the best solution for the FRT of DFIG under the recurring grid faults.
The FRT strategy for DFIG WTS to ride through recurring symmetrical grid faults
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need to be investigated. An improved control strategy is introduced and it is applied
during the voltage recovery after the voltage dips. A rotor natural current with rotor
rotation frequency is generated in the opposite direction of the stator natural flux, so
that the damping of the stator natural flux can be accelerated [14, 15].

12.5.1 Challenge for the Recurring Grid Fault Ride Through

The challenges for the DFIG WPS under recurring grid faults will be discussed based
on the DFIG with the following commonly used FRT strategies [16]:

FRT Strategy I: Use the rotor-side crowbar under voltage dips and vector con-
trol during voltage recoveries.

FRT Strategy II: Use the rotor-side crowbar both under voltage dips and dur-
ing voltage recovery.

12.5.1.1 FRT Strategy I
The operation of DFIG WPS under recurring grid faults with FRT strategy I is shown
in Figure 12.31. The first grid fault happens at £, the voltage drop is detected and

First fault Second fault
— 1 ' :
2 Ll ALY il
QA N R T
] .
° | |
| | | |

X | | | !
2 |ss|z c_siB g ‘_é’i§
S E=|2Q Els =2
e e
CIRE R | |
X L | |
= - | |
o l
c | I\
o
(% | ] | >

to' to ts ts
Figure 12.31 Operation of the DFIG WPS under recurring grid faults with FRT strategy 1.
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the crowbar is enabled. At #;, as the RSC is able to control the DFIG, the crowbar
is disabled and the vector control is applied to provide the reactive power support.
The voltage recovery started at ¢, as the stator natural flux introduced during voltage
recovery is normally smaller than that under voltage dips and the crowbar does not
need to be triggered in most cases, and the DFIG is still operating with vector control.
When the next grid fault happens at #;, the crowbar will be active again, and the
response of DFIG WTS will be the same as in the case of the first grid fault.

The dynamic model of the DFIG, in this case, has been introduced in Chapter
11 and the largest rotor current /,,, under the second fault can be found as (11.59); it
is rewritten here as

Tre V
L, =~ <\/_p1— cosfe s +p,— > (12.32)
\/R + (w,0L,)* @s

and the largest stator current /,, under the second fault can be found as (11.60). It is
rewritten here as

Tre V. ,L
SmN%(\/_pl—cosé)e g +p2w—s> 1+ s
s \/R.2 + (w,0L,)?
1—-py)V
Li( PV (12.33)
®

S s

The maximum rotor current /,,,, and stator current /;,, under recurring faults in
a 1.5 MW DFIG WPS are shown in Figures 12.32a and 12.32b and compared with
that under single grid fault. The dip level of the first and second fault p; = p, =80%
and the grid fault angle 6 is 75°. It can be seen that under a single grid fault, the
maximum rotor and stator current are limited to about 2.3 pu under 80% voltage
dip. However, under recurring grid faults, as the stator natural flux decays slowly
after voltage recovery, the maximum rotor and stator current can reach 3.0 pu if the

W
(9]
(O8]

0}5 Recurring Faults

7

Single Fault

[\e]
(9]
[\

[\

pu)

Single Fault

(pu)

o b — L L w

—_

o
W
=]

Maximum Rotor Current / m
(
§ - 1 h
(e} [}
Maximum Stator Current /g,

Refers to the stator side

0 0.5 1 1.5 2 0.5 1 1.5 2
Durations Between Faults 7, (s) Durations Between Faults 7} (s)
(a) (b)
Figure 12.32  Performance of the DFIG under recurring faults with vector control after
voltage recovery: (a) Maximum rotor current and (b) maximum stator current.
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Figure 12.33  Operation of the DFIG WPS under recurring grid faults with FRT strategy II.

duration between the two faults is 500 ms. The current capacity of the crowbar may
not be large enough for this transient current under the second voltage dip. So, the
DFIG may fail to ride through the recurring fault even with the rotor-side crowbar.

12.5.1.2 FRT Strategy Il
In some cases, the crowbar can be active again during the voltage recovery and the
operation of the DFIG with this FRT strategy is as illustrated in Figure 12.33. The
response of the DFIG after a voltage dip is the same as that in Figure 12.31, the
crowbar is enabled and the RSC is disabled. After the voltage recovery is detected
after ¢, (also after #,), the crowbar is active again. As the enabling of crowbar will
accelerate the damping of the stator natural flux, the stator natural flux decays much
faster compared to what is shown in Figure 12.33 [17].

It has been introduced in Chapter 11 that the stator time constant with rotor-side
crowbar can be expressed as (11.26) and it is rewritten here as

LS
T~ (12.34)

sc ™ 261
R + R(Ly, zw, = 2
: h R.“+(w,0L,)
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Figure 12.34  Performance of the DFIG under recurring faults with crowbar enabled after
voltage recovery: (a) Maximum rotor current and (b) maximum stator current.

So, by replacing 7, with 7. in (12.32) and (12.33), the maximal rotor current
and stator current under the second fault can be found as

_Tre V,
I, = <\/_p1—c059e e+ py— > (12.35)
/ 0}
R + (w,0L )2 s
Tyre V w L 1_ V
SmNLL<\/—p1—cosl9e Trc+p2_s> 1+ rm +Li—( P)Vs
w / [0}
s Rc2 +(er-Lr)2 s s
(12.36)

For a large-scale DFIG, the new stator time constant 7. is usually reduced to
around 100 ms. As a result, when the next fault happens at t3 (in Figure 12.33), the
stator natural flux y, introduced by the voltage recovery will fully decay and its
influence on the next grld fault will be small. In a 1.5 MW DFIG, the maximum rotor
current /,,, and stator current /,, under recurring faults, when the dip levels of the
first and second faults are p; =p, =80%, and the grid fault angle 6 is 75° are shown
in Figures 12.34a and 12.34b. Compared to that under single grid fault, it can be
concluded that as the damping of i, is accelerated after voltage recovery when the
duration between the two faults are larger than 0.5 s, the maximum rotor current and
stator current under recurring fault are basically the same as in the case of a single
grid fault.

However, the enabling of the rotor-side crowbar may cause other problems for
the DFIG WPS. The rotor natural current ;ﬁn and rotor-forced current 77, will exist at
the same time. In the rotor reference frame, they can be derived from the Chapter 11,
as given in (12.37) and (12.38).

-t
@, \/§P1Ys cos e_Tczgj“’r(’_h) (12.37)
w; R, +jow.cL,

r Vs
s RC +j(ws - wr)O-Lr

_:r N —
i, () ~

W, — o

0= 011 (1238)

[0
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Figure 12.35 Electromagnetic torque fluctuations of the DFIG after voltage recovery.

It has been introduced that the stator natural flux I,T/S ., and the stator-forced flux
IZ/Af after the voltage recovering can be found as (11.48) and (11.49) and they are
rewritten here as

i

W, = N 2p1— cos Geile = (12.39)
S
Uy = Vs —L oflos(i=12)+06] (12.40)
Jja

The electromagnetic torque T, of the DFIG can be found as

3, L, .
Tem 2 P L (Wrﬂ ra ll/ratlrﬂ) (1241)
With (12.35)—(12.41), the amplitude of electromagnetic torque fluctuations in
the DFIG after voltage recovery with the rotor-side crowbar can be derived, and there

will be an AC component with a frequency of w, in T, as shown in (12.42).

3 L,
Temj’ ([) ~ zan_
V, o, \/ECOSGPI co V, V, _ih
=L 2p, — 0 2
P \/_pl cosd |e

wS
R +w0'L R + a))aL)

The amplitude of the electromagnetic torque fluctuations after voltage recovery
ina 1.5 MW DFIG when the grid fault angle § = 75° is shown in Figure 12.35 (in pu).
The electromagnetic torque fluctuations will reach 1 pu after the voltage recovery.
Such large torque fluctuations may influence the reliability of the mechanical system
and may even damage to the gearbox.

(12.42)
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Figure 12.36  Operation of the DFIG WPS under recurring grid faults with a crowbar and
improved control.

12.5.2 Control Target for Recurring Fault Ride Through

The basic idea of the improved control is to accelerate the damping of the stator nat-
ural flux after voltage recovery so that the influence from the first grid fault on the
second grid fault will be relatively smaller. At the same time, the electromagnetic
torque fluctuations need to be suppressed, so that the reliability of the mechanical
system will be improved. The response of the DFIG with improved control under
recurring grid faults is shown in Figure 12.36. The operation of the DFIG under volt-
age dips will be the same as in the case of single grid fault where the crowbar is active
at #; and #3, and the RSC is restarted to generate reactive current after about 100 ms
at ¢;. The improved control is implied by the RSC after the voltage recovery at ¢,.
A rotor natural current Ym is generated in the opposite direction of stator natural flux
W,,» as shown in Figure 12.37. As analyzed in (11.13)—(11.15), the damping of stator
natural flux can be accelerated by the rotor natural current after voltage recovery. So,
when the next grid fault happens, the stator natural flux ,, introduced by the voltage
recovery will be very small so that the transient stator and rotor currents will basically
be the same as in the case of the first dip.

At the same time, in order to suppress the electromagnetic torque fluctuations
after voltage recovery, a rotor-forced current?,f is generated, and it is in the opposite
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Figure 12.37  Stator flux and rotor current vector of the DFIG with improved control.

direction of stator-forced flux q_}bf, as long as the relationship between the amplitude

of _l:rf and J/Sf meet the relationship in (12.43).

Vol _ 1%y (12.43)
is b '
m rf

The angle between the total stator flux ¥, and rotor current ;r is always 180°,
as shown in Figure 12.37 and in this case, according to (12.41), the electromagnetic
torque of the DFIG can always be controlled nearly to be zero, and the electromag-
netic torque fluctuations can be suppressed.

12.5.3 Control Implication

In the improved control, the RSC is required to generate a rotor current with two
different frequencies. One is the rotor natural current 7,,1, which is a DC component
in stator af reference frame, and an AC component with a rotor rotation frequency
®, in the rotor reference frame. The other is the rotor-forced current 7,7(, which is an
AC component with a grid frequency of , in the stator af reference frame, and with
a slip frequency of w, — w, in the rotor reference frame. They are in the opposite
direction of the stator natural and forced fluxes y,, and ¥, respectively; so in the
stator aff reference frame, they are given as

i ==k and zjf = —szl};} (12.44)
where k; and k, are proportional coefficients between the rotor current and stator flux.
The relationship between the amplitude of _fin and ;:f will meet (12.43) as well, so it

can be found that
ky =k, (12.45)
By substituting (12.44) in the stator flux equation, the rotor natural current 7; n

S
and forced current ijf can be expressed as

. L . > L >

S = _ S ;S d /S =——S i 12.46
I gk M T vk (12.46)
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After voltage recovery, there are only the natural and forced components in the
DFIG in the ideal case, so that the rotor current and stator current can be represented
as

DD+, and B, 4T (12.47)
The rotor current with the improved control can thereby be determined as
. L >
PB= . (12.48)

- s Ay
rT T + 1 kg (orky)

The stator current can be directly measured. The values of k; (or k,) need to be
determined.

With the improved control, the rotor natural current can be expressed as (12.46),
by substituting (12.46) in (12.12). The differential equation of the stator natural flux
can be found as

d - s Rs Rme -
Lo === koS 12.49
7V < L L F) ¥ (12.49)
By solving (12.49), the stator time constant 7; can be expressed as (12.50).
LT
T (12.50)

7 R, + ky(or k)R, L,
On the other hand, the amplitude of the rotor current /, and stator current /

with improved control can be calculated from (12.39), (12.40), and (12.44), as given
in

v,
1 ~ (1 + V2p, cos )k, (or ky)—> (12.51)
w

s

,_ 0+ V2p, cos O)V,(k, (or ky)L,, + 1)

N

(12.52)

w L

The maximum voltage dip level p; is 80% according to the grid code, while
the grid fault angle 6 in the transmission line is normally larger than 75°. So the
approximated value of I, and I, can be represented as (12.53) and (12.54).

VS
1, % 1.3k (or ky)—= (12.53)
S
P (ki (or ky)L,, + 1)

N

oL, (12.54)

The relationships between & (or k,) and 7;, as well as the relationships between
ky (or ky) and /., I; in a 1.5 MW DFIG are shown in Figure 12.38. It can be found
from Figure 12.38a that 7; is reduced by the improved control compared with vector
control and the damping of the stator natural flux , is accelerated. With the increase
of k; (or ky), 7,; is decreased, so that the damping of {, can be faster with larger k; (or
k5). On the other hand, it can be concluded from Figures 12.38b and 12.38c that the
amplitudes of the rotor current /, and stator current /, are increased with the increase
of k; (or ky). As I, and I are limited by the safety current /,,,, of the RSC, and the
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Figure 12.38  Stator flux and rotor current vector of the DFIG with improved control (red
dotted lines are the limit).

safety current [, of the stator, the value of k; (or k,) are limited as well. In this case,
the safety current /,,, of the RSC is set to be 2 pu and the safety current [, of the
stator is 3 pu.

It can be found with the increase of k; (or k,), the rotor current I, reaches the
safety limit first. So k| (or k,) is chosen to achieve the best acceleration effect in the
safety operation area (SOA) of the RSC, as given in (12.55).

Irmws

ky =k, ~0.8 (12.55)

N

So the control reference of the rotor current vector ;" can be expressed as

- L .
s, ref s )

=— 12.56
Ir L, +V,/0.81, 0 s ( )

Normally, the DFIG is controlled in the synchronous dg reference frame, as
given in (12.57).

-

;ref - _ Ly ;
rdq L, +V,/081,,w, %4

(12.57)
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12.5.4 Control Scheme

Under recurring grid faults, the operation of a DFIG with improved control is shown
in Figure 12.40. Before the fault happens, the vector control is used and the DFIG
generates active power under normal grid voltage. The first grid fault happens at #,,
the crowbar is enabled after the voltage dip is detected. Then the crowbar is switched
off at #;. The voltage recovers at ¢, from the first grid fault. When the voltage recov-
ery is detected, the improved control is applied. The control diagram of the improved
control is shown in Figure 12.39. The rotor current reference 7:2’; is switched from
the output of the power control loop to the value calculated from (12.57). As ana-
lyzed in the previous paragraph, the damping of the stator natural flux introduced
by the voltage recovery can be accelerated and the electromagnetic torque fluctua-
tions will be suppressed at the same time. When the stator natural flux introduced
by the voltage recovery is small enough, the DFIG will go back into normal oper-
ation with vector control. When the next grid fault happens, the crowbar is active
again and the transient current will be nearly the same as in the case of a single grid
fault.

The control performance of the improved control in a 1.5 MW DFIG is shown
in Figure 12.40. Compared with Figures 12.32 and 12.34, it can be seen that when
the next fault happens 500 ms later, the maximum rotor and stator current are about
the same as the case with a single fault. At the same time, the electromagnetic torque
fluctuations will be suppressed after the voltage recovery.
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Figure 12.40 Performance of the DFIG under recurring faults with improved control: (a)

Maximum rotor current; (b) maximum stator current; and (c) amplitude of electromagnetic
torque fluctuations after voltage recovery.

12.5.5 Simulation and Test Results

Simulations are made based on a 1.5 MW DFIG model in Simulink/MATLAB. The
parameters of the DFIG are the same as the ones used in the analysis. Firstly, the
performance of DFIG under recurring grid faults with different control strategies are
simulated and the results are shown in Figure 12.41. The voltage dip levels of the
first and second grid faults (p; and p,) are both 80%, the grid fault angle 6 of the first
faults is 75°. The duration between two faults (7,,) is 500 ms. The DFIG generates
1.0 pu active power before the fault happens (at #y = 1.5 s) and the rotor speed is 1.2
pu (1800 rpm). It can be seen from Figure 12.41a that if the vector control method is
applied after the voltage recovery (at ¢, = 1.67 s), the stator natural flux introduced by
the voltage recovery decays slowly. So when the next voltage dip occurs at 3 =2.18s,
the stator natural flux introduced by the voltage recovery and by the next voltage dip
may be superposed and larger rotor current, stator current, and torque fluctuations can
be seen. The rotor transient current under the second faults (at #; =2.18 s) reaches 1.5
pu, compared to about 1.0 pu under the first grid fault (at ) =1.5s), while the and
stator transient current under the second faults (at t3 =2.18s) reaches 3.8 pu, com-
pared to about 2.3 pu under the first grid fault. In Figure 12.41b, the crowbar is active
again for about 250 ms after the voltage recovery (at , = 1.67 s), and the damping of
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the stator natural flux is accelerated. As a result, when the next grid fault happens,
the stator natural flux introduced by the voltage recovery is very small, so the rotor
and stator transient current, as well as the electromagnetic torque fluctuations under
the second grid fault will be about the same as the first one. However, it can be found
from Figure 12.41b that large electromagnetic torque fluctuations are introduced after
the voltage recovery (at f, = 1.67 s), as the crowbar is enabled with full voltage on the
stator side. The amplitude of the AC component in electromagnetic torque is about 1
pu and it is even larger than that under voltage dips. At the same time, the peak value
of the electromagnetic torque also reaches 2.0 pu. The reliability of the mechanical
system may be influenced by such large loadings.

The improved control method is used after the voltage recovery (at t, =1.67s)
as shown in Figure 12.41c, the rotor current with the relationship in (12.56) is gener-
ated by the RSC. The rotor current amplitude is limited to about 0.7 pu (the normal
rotor current is about 0.37 pu), which is the maximum rotor current of the RSC. It
can be found that the damping of the stator natural flux is accelerated after the volt-
age recovery so that the rotor and stator transient current under the second grid fault
is about the same as in the case of the first one. Besides, the electromagnetic torque
fluctuations are very small after the voltage recovery, compared to Figures 12.41a
and 12.41b. About 250 ms after the voltage recovery (at t, = 1.67 s), the DFIG can be
switched into vector control, and the active power can be restored quickly.

The test results of the 15kW DFIG using different control strategies under
recurring grid fault is shown in Figure 12.42. The dip level of the two faults are all
80%, the grid fault angle is 75°, and the rotor speed is 1600 rpm. The DFIG is gen-
erating 0.2 pu active power before the faults. As for smaller-scale DFIG, the stator
time constant is much smaller compared to an MW-rated DFIG, the duration of the
two fault is reduced to about 80 ms. In Figure 12.42a, the first grid fault happens at
to, and the crowbar is enabled. After about 100 ms, the transient rotor current decays
and the crowbar is switched off at #;, the RSC is switched on again with the vector
control. The vector control method keeps working after the voltage recovery of the
first voltage dip at ¢,. The next grid fault happens at f3; the operation of DFIG under
the second fault is the same as in the case of the first grid fault. It can be found that
as the stator natural flux decays slowly after voltage recovery, the rotor and stator
transient currents are much larger in the second voltage dip. They reach about 26 A
and 74 A under the second grid faults, even with the rotor-side crowbar, compared to
about 18 A and 55 A under the first grid fault. The DFIG may fail to ride through the
second fault as the transient rotor and stator currents are increased by more than 30%.
In Figure 12.42b, the action of the DFIG is the same as that in Figure 12.42a under
dip, from 1, to #, and from #; to #,. The crowbar is active again in Figure 12.42b after
t, to accelerate the damping of stator natural flux, so that the transient stator and rotor
currents under the second dip at #; are about the same with the first one (at 7). How-
ever, it can be found that the fluctuations of electromagnetic torque after the voltage
recovery (#,) is about 1.0 pu, even larger than under voltage dips, which may reduce
the lifetime of the mechanical systems.

The improved control method is then applied after the voltage recovery (f,) in
Figure 12.42c. In the test system, as the maximum output stator current is limited to
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Figure 12.42 Test results of a DFIG under recurring grid faults with crowbar and (a) vector
control; (b) crowbar active again; and (c) improved control after voltage recovery.

about 1.0 pu, the control parameters are designed to limit the stator current below 60
A. The action of DFIG is the same as that shown in Figure 12.42a under voltage dips,
from #; to t, and from #5 to #, After the voltage recovers at t,, the improved control is
applied. It can be concluded as the damping of stator natural flux is accelerated after
voltage recovery at t,, the transient stator and rotor currents under the second dips at
t; are about the same as in the case of the first one (at f). Besides, the fluctuations of
the electromagnetic torque after the voltage recovery during ¢, and t; are suppressed
at the same time. It is reduced to no more than 0.2 pu with improved control method,
while itis about 1.0 pu in Figure 12.42b. With the improved control method, the DFIG
can ride through the recurring faults successfully, as long as it is able to ride through
single grid faults. At the same time, the influence on the reliability of the mechanical
system is smaller, compared to the control strategy used in Figure 12.42b.
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The simulations and test results indicate that the DFIG can ride through the
recurring faults as long as it can ride through the single grid fault with the same
voltage dip level. The electromagnetic torque fluctuations can be suppressed after
the voltage recovery as well, which will enhance the reliability of the mechanical
system [19].

12.6 SUMMARY

In this chapter, important fault ride-through strategies are introduced. Starting with
the introduction of improved PLL under grid faults, new control strategies for the
DFIG to ride through grid fault are introduced [20]. They normally use software
changes to apply the improved control, in order to realize the FRT of the DFIG. Three
control strategies are selected to be discussed. Then, hardware solutions are analyzed.
They use additional circuits to help the DFIG WPS to withstand the voltage dips [21].
The improved control strategies are easy to imply but may not be able to withstand
serious grid faults [22], and the hardware solutions may have to be used together with
the improved control strategies under serious voltage dips [23]. Corresponding sim-
ulation and test results are shown for the methods proposed. For the recurring fault
ride-through, its challenges are analyzed and a corresponding FRT strategy is also
evaluated [24-26]. The crowbar is used under voltage dips and an improved control
strategy is applied during the voltage recovery after the voltage dips; a rotor natu-
ral current with rotor rotation frequency is generated in the opposite direction of the
stator natural flux, so that the damping of the stator natural flux can be accelerated
[27]. At the same time, the rotor-forced current with slip frequency is generated corre-
sponding to the rotor natural current to ensure that the angle between the rotor current
and the stator flux vector is always 180°; so the electromagnetic torque fluctuations
can be suppressed [28]. With this improved control method, the transient rotor current
and voltage under recurring faults will basically be the same as that under single grid
fault; so the DFIG can ride through the recurring faults as long as it can ride through
the single grid fault with the same voltage dip level. The electromagnetic torque fluc-
tuations can be suppressed after the voltage recovery as well, and it will enhance the
reliability of the mechanical system [29].
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CHAPTER 1 3

THERMAL CONTROL OF POWER
CONVERTER IN NORMAL AND
ABNORMAL OPERATIONS

The thermal stress of a power electronic component is closely related to some im-
portant wear-out failure mechanisms of the converter system. In this chapter, with
the descriptions of the loss model and the thermal model of the power device, the
thermal loading of the power converter can be investigated and analyzed in cases of
the normal condition and the abnormal grid condition. It is concluded that the most
stressed power device between back-to-back power converters is different in the nor-
mal grid condition. Besides, the occurrence of the abnormal grid leads to the varied
thermal cycling between the IGBT and the freewheeling diode due to the existence
of the reactive current injection. Furthermore, an optimized thermal control method
of the grid-side converter can be achieved during a wind gust, while the thermal per-
formance of the rotor-side converter is almost unaffected in a wind turbine system.

13.1 LOSS MODEL OF POWER CONVERTER

As the loss dissipation of the power semiconductor device is an important indicator
of its thermal performance, the generic loss model of power converter used in the
DC/AC application is first addressed. Then, on the basis of different interfaces of the
doubly fed induction generator (DFIG) back-to-back power converters, loss models
of the grid-side converter and the rotor-side converter are investigated and evaluated,
respectively.

13.1.1 Loss Model of a Power Semiconductor Device

Normally, an IGBT and a freewheeling diode are both configured in a power switch
for the bidirectional current flow. Loss consumption of each power semiconductor
device consists of the conduction loss (the on-state loss) and the switching loss (the
dynamic loss) [1,2].

Advanced Control of Doubly Fed Induction Generator for Wind Power Systems, First Edition.
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In the case of the two-level configuration, the same power loss is shared
between the upper leg and the lower leg due to its symmetrical structure. If the upper
IGBT and lower freewheeling diode are taken into account, the conduction loss of

each power switch P, is an average loss within a fundamental frequency f,, [3].

n+N/2 n+N/2
Pen=Fi Y veplia®D i@ Ty + £, Y vplia@) |ig0] (T, = Ty ()
n=n; n=n;
Tv Dv

con con

(13.1)

where the first term 7, is the conduction loss of the IGBT, and the second term D .,
is the conduction loss of the freewheeling diode. i, is the sinusoidal current through
the power device, T is the ON time of the upper leg within a switching period 7.
Vcgs Vr are voltage drops of the IGBT and the diode, which are normally given by
the manufacturer. N is the carrier ratio—total switching times within a fundamental
frequency, n; is the starting point of the positive current, and the subscript 7 is the
nth switching pattern. It is worth noting that the conduction loss in (13.1) is aimed
for the each IGBT and diode, which only takes up a half the entire leg.

As the v and v curves are closely related to the junction temperature (25 °C,
125°C, or 150 °C), the characteristic of voltage drops at 150 °C are chosen for the
worst case, and they can be expressed in terms of polynomial expression. Besides,
space vector modulation is widely used in three-phase three-wire systems due to its
higher utilization of the DC-link voltage. In order to guarantee the minimum har-
monic, a symmetrical sequence arrangement of the non-zero vector and the zero-
vector is normally used, so the conduction time of the upper leg and lower leg can be
calculated by the phase angle and the amplitude of the converter output voltage [4].
Furthermore, the phase angle between the output voltage and the output current of
the converter determines the starting point of the current polarity, affecting the loss
distribution between the upper leg and the lower leg.

On the other hand, the switching loss in each power switch P, can be calcu-
lated as

_ 1 Va : .
= iffaZ( <|za<n>|>+Eoﬁ~<|za<n>|>>+ mffaZE,,(lz ®))

. / . /
g g

T, D

sw
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(13.2)

Similar to (13.1), the first term is the switching loss for the IGBT T, and
the second term Dy, is the switching loss for the freewheeling diode. E,,, E 5
are turn-on and turn-off energies dissipated by the IGBT, respectively, while the E,,. is
the reverse-recovery energy loss consumed by the diode, which are usually tested by
the manufacturer at a certain DC-link voltage V,;,"" It is assumed that the switching
energy is proportional to the actual DC-link voltage V.. With the help of curve fitting
of the dynamical energy loss by using polynomial expression, the switching loss of
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Figure 13.1 Single inductor used as the grid filter in the grid-side converter.

the power semiconductor can be calculated by the accumulation of the switching pat-
terns within one fundamental frequency. It is noted that the switching loss in (13.2)
is calculated for the each IGBT and diode.

13.1.2 Loss Model of Grid-Side Converter

As shown in Figure 13.1, a single inductor is used as a grid filter of the grid-side
converter. If the current flowing into the converter is defined as the reference direction,
the current and voltage relationship between the power grid and the converter output
become

Ve = Vg re + Xoly 1m (=X, re) (13.4)

where Xg denotes filter reactance, Vg denotes the grid voltage, Ig and V, denote the
current and voltage of the grid-side converter, respectively. Subscripts Re and Im rep-
resent the real and imaginary part of the phasor.

Due to the fact that only the slip power flows through the grid-side converter in a
DFIG system, the bidirectional active power occurs because of the negative slip value
during the super-synchronous operation and the positive slip value during the sub-
synchronous operation. Assuming that the grid voltage is considered as the reference
phasor, the phasor diagram of the voltage and current in the grid-side converter is
shown in Figure 13.2. Due to the voltage drop across the inductor filter, the phase
angle between the converter output voltage and current can be deduced.

During normal operation, the objective of the grid-side converter is to keep a
constant DC-link voltage, which indicates that the active power is transferred from
the DFIG rotor-side to the power grid. However, in cases of grid faults or weak grid

Im
Ve
Pg iu ¢
DA >
Iy Ve Re
(@) (b)

Figure 13.2  Phasor diagram of the grid-side converter voltage and current:
(a) Super-synchronous operation and (b) sub-synchronous operation.
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Figure 13.3  Block diagram to calculate the power loss for the grid-side converter (GSC:
grid-side converter).

conditions, the grid-side converter is also responsible in providing certain amount
of the reactive current. The components of the active power and reactive power are
determined by the real part and the imaginary part of the converter current /, g, and
I, jy- As a consequence, with the information of the active power P, and the reactive
power Q flowing over the grid-side converter, the voltage v, and the current i, can be
calculated by using the grid-side converter model.

With the help of the aforementioned loss model of the power semiconductor,
the process to calculate power loss of the grid-side converter can be summarized in
Figure 13.3. For the conduction loss, due to the fixed switching frequency f; and
the current frequency f;, as well as the converter current i,, and the duty cycle in
each switching pattern D, related to the converter voltage phasor, the conduction loss
of the IGBT T, _, and the diode D, , can be calculated according to (13.1). For
the switching loss of the grid-side converter, with the information of the switching
frequency, the converter current and its frequency, the switching loss of the IGBT
T and the diode D can be calculated according to (13.2).

Sw_g Sw_g

13.1.3 Loss Model of Rotor-Side Converter

The rotor-side converter is connected to the rotor of the DFIG, and the stator-side
active power and the reactive power are regulated by adjusting the rotor voltage.
Neglecting the stator resistance and the rotor resistance, the steady-state DFIG equiv-
alent circuit is shown in Figure 13.4 in terms of the phasor expression. According to
the voltage equation and flux equation of the DFIG [5], the rotor-side voltage and

Figure 13.4  Single-phase DFIG equivalent circuit in phasor diagram.
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Figure 13.5 Phasor diagram of the voltage and current of the DFIG stator and rotor:
(a) Super-synchronous mode and (b) sub-synchronous mode.

current can be expressed by using the stator-side voltage and current:

- X 1% X
I = —X—SILRe + j(sign(S))) <— ;(J‘e - X_SI“'“) (13.5)
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where X, X,,,, and X, denote stator reactance, the magnetizing reactance, and the rotor
reactance, respectively. o, the leakage coefficient, defined as (X X — sz) /XX,
is the slip value of the induction generator. Moreover, the sign function sign (S l)
means if S is positive, its value becomes 1. Alternatively, if S; is negative, its value
becomes —1.

According to (13.5) and (13.6), the phasor diagram of the stator and rotor in the
DFIG is shown in Figure 13.5. In the case of the super-synchronous operation mode,
the rotor voltage appears almost in opposite direction to the stator voltage due to the
negative slip value. Moreover, the rotor current is almost lagging the rotor voltage by
180 °, which indicates that the DFIG is providing the active power through the rotor-
side, and the rotor-side converter is supplying the excitation energy to the induction
generator. In the case of the sub-synchronous mode, the rotor current is lagging the
rotor voltage by less than 90 °, implying that the rotor-side converter provides both
the active power and the reactive power to the induction generator.

If the stator voltage is set as the reference, the stator active power and reac-
tive power are determined by the stator current real component /; ,, and imaginary
component [ ;.. Afterwards, the phasor expressions of the rotor voltage v, and the
rotor current i, can be deduced by using (13.5) and (13.6). On the basis of the DFIG
model—deriving the analytical equations of rotor voltage and rotor current from the
stator active power and reactive power, together with the aforementioned loss model
of the power semiconductor, the flowchart to calculate the power loss of the rotor-side
converter can be described in Figure 13.6. For the conduction loss, the conduction
loss of the IGBT T,,, , and the diode D, , can be calculated with the information
of the rotor current i, its frequency f,, switching frequency f;, and duty cycle D,. It
is worth noting that compared to the grid-side converter, the frequency of the rotor
current varies with the changing slip values. For the switching loss of the rotor-side
converter, the switching loss of the IGBT 7, , and the diode D can be calculated

w_r sSw_r
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Figure 13.6 Block diagram to calculate the power loss for the rotor-side converter of the
DFIG system.

with the information of the switching frequency of the rotor-side converter, the rotor
current, and its varying frequency.

13.2 THERMAL MODEL OF POWER CONVERTER

As the thermal performance of the power device is closely related to the reliability
and the cost of the power converter system, an appropriate thermal model needs to be
developed in order to translate the power loss to the thermal stress of the power device.
Besides, the analytical equation of the junction temperature is deduced by taking the
thermal impedance of the power module and the operation frequency range of the
power converter into account.

13.2.1 Thermal Impedance in Power Module

The power density of the power electronic converter is steadily being increased, push-
ing the improvement of an enhanced power range and a reduced impact on volume
as well as the cost [6, 7]. With respect to the IGBT power module, many new tech-
niques and novel materials are devoted to guarantee lower loss dissipation or higher
operational junction temperature [8,9].

The layout of a typical power semiconductor module is depicted in Figure 13.7.
A number of power semiconductor chips—IGBTs and diodes are soldered onto the
ceramic-based substrates like direct bond copper (DBC), which behaves as an electri-
cal insulation. Then, the DBC can either be soldered onto a baseplate, or the bottom
copper layer is directly mounted to the heat sink with a thermal interface material
(TIM) in between. The electrical connections between the chips and the conductor
tracks on the DBC are normally realized by a thick bonding wire, which is normally
made of pure aluminum [9].
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Figure 13.7 Basic structure of a power semiconductor module (DBC: Direct Bond Copper;
TIM: Thermal Interface Material).

The thermal variables represented by electrical analogies are widely used [9—
12], where a current source expresses the power dissipation either in the IGBT or the
diode, the voltage source stands for the constant temperature level, and RC elements
imitate the thermal impedance of the power device. Two kinds of RC networks are
commonly adopted: the physical-meaning-based Cauer structure and the test-based
Foster structure; the latter is actually more preferred by the industry [13, 14]. The
thermal model of power devices, including the IGBT and the freewheeling diode are
shown in Figure 13.8, in which the thermal impedance consists of the power module
itself, the TIM, and the heat sink. For simplicity, the thermal coupling between the
IGBT chip and diode chip is not considered.

Foster structure

Ry Ry

: H T,
D ' H H Z_ e
P Zj-).D : Zie-n_p : -a)
H H
T — :
T/LU E TLJ) E
Power module ! TIM : Heat sink

.........................................

Figure 13.8 Thermal model of the power devices in a module with a diode (D) and an
IGBT (D).
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Figure 13.9 Dynamic thermal impedance: (a) IGBT and diode from junction to case, (b) air

and liquid cooling from heat sink to ambient. Note: Air flow =610 m*/h, T, =25°C, 500 m
above sea level; liquid flow = 15 L/min, 7,,, =40 °C, water/glycol ratio = 50%/50%.

The thermal impedances for the power module and the TIM are normally
provided by the manufacturer datasheets. Figure 13.9 shows the dynamic thermal
impedance of the IGBT and the diode in the selected 1 kA/1.7kV power module. It
is noted that the steady-state thermal resistance of the diode is higher than the IGBT,
due to the smaller chip area of the diode in the standard power module. Moreover, it
can be seen that the thermal time constant changes from hundreds of microseconds
to hundreds of milliseconds.

However, the thermal impedance of the cooling method is uncertain, as the
power modules can be used in different applications according to customer require-
ments. With respect to a full-scale power converter, the typical amount of heat that
has to be transported away from the power modules may be from 50 to 100kW for
a 2 MW wind turbine [15]. Because cooling solutions take up considerable space
available in the wind turbine nacelle, the forced air cooling and the liquid cooling
cover 95% of all power module application [16]. Correspondingly, the dynamic ther-
mal impedance of the air and liquid cooling from the heat sink to the ambient can
be deduced from Semikron datasheets as shown in Figure 13.9b [17, 18]. It is evi-
dent that the steady-state thermal resistance of the air cooling system is three times
higher compared to the liquid cooling, and it can also be seen that the maximum time
constant of the thermal impedance is much higher compared to the power module
itself—hundreds of seconds for the air cooling and dozens of seconds for the liquid
cooling.

13.2.2 Junction-Temperature Calculation

Thermal profile of the power semiconductor for the wind power application usually
contains the long-term thermal cycling and the short-term thermal cycling, which
are imposed by the wind speed variation and the AC current within a fundamental
frequency, respectively. At first glance, the lifetime and the reliability issues caused
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by the wind turbulence may be more crucial due to the higher junction-temperature
fluctuation of the power semiconductors. However, it is still essential to look at the
influence of short-term thermal cycling due to their larger magnitude of numbers,
since the wind speed normally varies in several seconds, while the fundamental period
of the converter current changes only from dozens of milliseconds to hundreds of
milliseconds.

With respect to the long-term thermal cycling, the corresponding step pulse
of power loss is shown in Figure 13.10a. According to the Foster structure thermal
model, the junction-temperature fluctuation d7j,, during nth power-loss pulse can be
calculated as [1]

) k -1
dT, = dTy,_, Z TPy Y R(I—e ) (137)
i=1

where the first item denotes the zero-input response of the previous junction-
temperature fluctuation d7j;,_;, at time instant 7,,_;, and the second term denotes
the zero-state response of the power loss P, until the time instant 7). R; and 7;
indicate the ith thermal resistance and time constant in kth-order Foster structure.
According to (13.7), the junction-temperature swing can easily be calculated from
the power-loss profile.

With respect to the short-term thermal cycling, Figure 13.10b shows the thermal
profile for the periodical-pulse power dissipation. According to (13.7), the junction-
temperature fluctuation at the time instants 7, and 7,y can be calculated based
on previous states f,_y and ), respectively. Since dTj,, ) has the same value as
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Figure 13.11 Temperature swing dependence on time constant of thermal impedance with
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dTj,_yy at the steady-state operation, the junction-temperature fluctuation d7; can be

expressed as
_ton\ 2
l—e =i

k
dr; :PZR,-—[” (13.8)
=1 s

where P denotes the peak value of periodical power pulse, ¢, denotes the on-state
time, 7, denotes the fundamental period of the converter output current, and 7, nor-
mally has twice the value of £, ,.

According to (13.8), Figure 13.11 shows the relationship between the tem-
perature swing and the time constant of the thermal impedance with typical oper-
ational frequencies of the DFIG power converters. Even for a minimum frequency
of 1Hz, the temperature fluctuation caused by the cooling method (thermal time
constant from dozens of seconds to hundreds of seconds) can almost be neglected
compared to the effect from the thermal impedance of the power module (hun-
dreds of milliseconds). Consequently, it can be concluded that, for the short-
term thermal cycling, the junction-temperature swing is only close to the thermal
resistance and thermal capacitance of the power module rather than the cooling
method.

Accordingly, the mean junction temperature 7j,, can be calculated as

k
T, = ZRi§+Ta (13.9)

where T, denotes the ambient temperature, and it is set to 50 °C as an indication of
the worst case.

Based on (13.8) and (13.9), the thermal behavior of the power device at the
steady state can be analytically calculated, avoiding the time-consuming simulation
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TABLE 13.1 2 MW turbine and DFIG data

Rated wind speed v, ,,, (m/s) 12
Rated turbine speed (rpm) 19
Number of pole pairs p 2
Gear ratio 94.7
Rated shaft speed n, (rpm) 1800
Rated fundamental frequency f, (Hz) 10
Stator leakage inductance L;; (mH) 0.038
Magnetizing inductance L,, (mH) 291
Rotor leakage inductance L;,, (mH) 0.064
Stator/rotor turns ratio k 0.369

due to the large difference between the switching period of the power device and its
thermal time constant.

13.3 THERMAL LOADING DURING
NORMAL OPERATION

As a case study, the calculation and simulation of the power loss and the junction
temperature is performed in a2 MW DFIG system. In the case of a normal operation,
a set of typical wind speeds is taken into account. Afterward, the loss profile and the
thermal profile of the back-to-back power converter can be obtained.

13.3.1 DFIG System in Case Study

It is known that a DFIG used in the wind power generation is normally realized by a
partial-scale power converter. For simplicity, this configuration is named as the DFIG
system, and a 2 MW wind turbine is selected for the case study.

On the basis of the DFIG generator data listed in Table 13.1 [19,20], in order to
implement the low-voltage power module with 1.7kV blocking capability, the DC-
link voltage V. is kept at 1050V as listed in Table 13.2. Moreover, the switching
frequency f; is usually very low for the multi-MW power converter, and is selected
at 2kHz.

Since the majority of the active power flows into the grid through the stator of
the generator, the rotor-side converter handles the rest of the slip power as well as the
excitation power. On the other hand, the grid-side converter is designed to keep the
fixed DC-link in order to decouple back-to-back power converters from each other,
and some amount of the reactive power can be provided in the case of the grid fault
or in accordance with the demand from the transmission system operator. As listed
in Table 13.2, it can be seen that the loading between power converters at the rated
power are quite unequal, and the current of the rotor-side converter is much higher
than the grid-side converter due to its lower output voltage and same active power
to transfer. Besides, the rotor-side converter is also responsible for the ride-through
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TABLE 13.2 Back-to-back power converter’s data

Rated active power P (kW) 400

DC-link voltage V. (V,.) 1050

Switching frequency f; (kHz) 2
Grid-side converter

Rated output voltage (V,,,,;) 704

Rated current (A,,,) 328

Filter inductance (mH) 0.50
Rotor-side converter

Rated output voltage (V) 374

Rated current (A,,,) 618

of the fault situations [21]. Similar current stress of power converters leads to two
paralleled 1 kA/1.7kV power modules employed in each leg the rotor-side converter,
and only one power module used in each leg of the grid-side converter as shown in
Figure 13.12.

13.3.2 Loss Breakdown at Various Loading Conditions

With the DFIG parameters listed in Tables 13.1 and 13.2, the power loss of each
power device can be calculated according to (13.1) and (13.2). In addition, the power
loss is estimated at rated wind speed at normal grid condition and unity power factor.

Figure 13.13 indicates the loss distribution of each power semiconductor
in terms of the grid-side converter and the rotor-side converter, respectively. The
name of the power semiconductor can be found in Figure 13.12. As the turn-on
and the turn-off loss of IGBT are higher than the recovery loss of the freewheeling
diode at the same current, the switching loss in the diode is always lower. However,
the conduction loss is mainly related to the power direction. At the rated wind speed,
the rotor-side converter operates as a rectifier, therefore, more conduction losses can
be observed in the freewheeling diode. On the contrary, the grid-side converter works
as an inverter, where most conduction losses are dissipated in the IGBT. Generally
speaking, the power loss dissipated in the rotor-side converter is more equal compared
to back-to-back power converters.

DFIG

Transformer
P.\' Q,\'
—_—
o} 1
Tl
YN,
>
o P, 0,
L Filter
Rotor-Side Grid-Side
Converter Converter

Figure 13.12 Two-level back-to-back power converter of the DFIG system.
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Figure 13.13  Loss breakdown of each power device at rated wind speed of 12 m/s:
(a) Grid-side converter and (b) rotor-side converter. Note: “sw” and “con” are switching
losses and conduction losses, respectively.

In order to investigate the loss behavior of the power device at different opera-
tion modes, several typical wind speeds are chosen with slip values from —0.3 to 0.2
and summarized in Table 13.3. It is noted that the wind speed of 8.4 m/s is regarded
as the synchronous operating point.

The power loss of the grid-side converter at different wind speeds is shown
in Figure 13.14a. It can be seen that the lowest power loss appears in the syn-
chronous operating point due to the fact that no active power flows, and only
the switching ripple current affects, while the highest occurs at rated wind power.
Furthermore, the IGBT has more loss in the super-synchronous mode and the
diode has more loss in the sub-synchronous mode due to the bidirectional active
power.

The power loss of the rotor-side converter at different wind speeds is shown
in Figure 13.14b. In the super-synchronous mode, the power loss increases with
larger wind speed, and the conduction loss in the diode is dominating. In the sub-
synchronous mode, the conduction loss in the IGBT is however dominating. Besides,
it is also worth mentioning that a small frequency hysteresis of 1 Hz is introduced
around the synchronous operation point in order to avoid an unequal load among the
three phases caused by the DC current.

TABLE 13.3 Parameters of the DFIG and power converters at different wind
speeds

Wind speed (m/s)  Generated power (MW)  Slip Fundamental frequency (Hz)

59 0.26 0.3 15

6.8 0.39 0.2 10

7.6 0.55 0.1

8.4 0.74 0.02 1

9.2 0.98 —-0.1 5
10.1 1.29 -0.2 10
12 2 -0.2 10

25 2 -0.2 10
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Figure 13.14 Power loss of each device at various wind speeds: (a) Grid-side converter and
(b) rotor-side converter.

13.3.3 Thermal Profile at Various Loading Conditions

With the aid of the previous power-loss calculation and the established thermal model,
the junction temperature of the power device of the DFIG power converters can be
simulated using PLECS software [22]. The simulation result of the junction tempera-
ture in each power semiconductor is shown in Figure 13.15, where power converters
operate at the rated power and in steady state. For the junction temperature of the
grid-side converter, it can be seen that the IGBT becomes the hottest power semicon-
ductor device. Moreover, the mean junction-temperature variation between the IGBT
and the diode differs with 62.2 °C and 56.3 °C, respectively.

With respect to the junction temperature of the rotor-side converter, it is noted
that the mean temperature of the diode is slightly higher than the IGBT’s, and the
thermal performance shows a more unequal distribution, where the difference of junc-
tion temperature between the IGBT and the diode is 12.4 °C compared to 5.1 °C. In

70 90 :
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Figure 13.15 Junction temperature of the power semiconductor at rated wind speed of
12 m/s: (a) Grid-side converter and (b) rotor-side converter.
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Figure 13.16 Mean junction temperature and junction-temperature fluctuation in the power
device chip versus wind speed: (a) Grid-side converter and (b) rotor-side converter.

addition, it can also be observed that the frequency of the thermal cycling is the same
with the converter current frequency.

A further comparison of the mean junction temperature and the junction tem-
perature fluctuation with different wind speeds are shown in Figure 13.16. For the
grid-side converter, the hottest device changes from the diode in the sub-synchronous
mode to the IGBT in the super-synchronous mode. Moreover, the mean junction tem-
perature as well as the junction temperature fluctuation becomes least crucial around
the synchronous operating point due to the lowest power dissipation.

For the rotor-side converter, the hottest device changes from the IGBT in the
sub-synchronous mode to the diode in the super-synchronous mode. Furthermore,
although the mean junction temperature consecutively increases with higher wind
speeds until the rated value, the temperature fluctuation of the power semiconductors
becomes significantly important around the synchronous operating point because of
its rather low fundamental frequency.

13.4 THERMAL LOADING IN ABNORMAL OPERATION

A lot of work has been devoted to control strategies of the wind power converter to
satisfy the grid codes [21,23,24]. However, the loss and thermal performance under
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Figure 13.17 Low voltage ride-through requirement stated in German grid code.

this condition is another important and interesting topic that needs further investi-
gation [25]. The scope of this section is to investigate and simulate the power loss
and the thermal cycling of the DFIG system undergoing various balanced grid volt-
age dips. First, the typical configuration and relevant grid codes are introduced and
addressed. Then, the operation behavior under abnormal grid conditions is described
and investigated. Afterward, the loss distribution and thermal analysis are presented
in terms of various voltage dips.

13.4.1 Grid Codes Requirements

As the wind power penetration into the power system increases in many countries,
many transmission system operators are challenged by the impacts of maintaining
reliability and stability of the power system. New grid codes stipulate that wind farms
should contribute to the voltage control in the case of abnormal operations of the
network (e.g., voltage dips due to network faults). A presentation of the most critical
requirement imposed by E.ON Netz is realized in [26,27]. The behaviors under grid
disturbance basically consist of two parts: the low voltage ride-through (LVRT) and
the reactive current injection (RCI).

The LVRT requirement is given in Figure 13.17, where voltage drops within
the area above the thickest line should not technically be disconnected. Even when
the grid voltage drops to zero, the wind power plant must stay linked for 150 ms.
During the period of the grid fault, the active current can be reduced in order to fulfill
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Figure 13.18 Reactive current injection requirement as a function of grid voltage for
offshore wind turbines stated in German grid code.

the reactive power requirement. As described in Figure 13.18, various amounts of
reactive current have to be injected along with different voltage dips. In the case
that the voltage dip is above 0.5 pu, the wind power system is able to inject 1.0 pu
overexcited reactive current to support and rebuild the grid voltage. Meanwhile, for
the offshore wind farms, the grid voltage above 0.95 pu is regarded as the dead band
boundary of RCI.

13.4.2 Operation Behavior under Voltage Dips

As shown in Figure 13.19, although both the grid-side converter and rotor-side con-
verter are possibly able to support the RCI during grid voltage dips, due to the stator
and rotor winding ratio as well as the derating design of power converters, it is better
to compensate the reactive power from the rotor-side converter. As a consequence,
the discussion will only focus on this part of the generation system.

As the stator of the DFIG is directly linked to the grid, the sudden grid voltage
drop introduces a natural flux in the stator winding, which may produce large transient
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Figure 13.19 Crowbar-based DFIG system during the abnormal grid condition.
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Figure 13.20 Active and reactive powers under various balanced grid voltage dips.

currents in the DFIG rotor side and may destroy the rotor-side converter. Although
this dynamical behavior may be critical for the LVRT period, it is assumed that the
operation behavior of the DFIG is investigated and evaluated under the condition that
the stator flux is consistent with various voltage dips, which theoretically omits the
transient period.

Figure 13.20 indicates the active power P, and the reactive power Q, delivered
by the stator-side under various balanced grid voltage dips. According to the RCI
description in Figure 13.18, if the dip level of the grid voltage is higher than 0.5 pu,
the reactive power linearly increases along with the grid voltage. On the other hand,
if the dip level of the grid voltage is less than 0.5 pu, it decreases rapidly mainly
due to the less RCI demand. Moreover, the active power stays zero if the voltage dip
is below 0.5 pu. The active power for the DFIG will normally follow the maximum
power point tracking for the wind turbine. Conditions of 12m/s (2 MW), 10.1 m/s
(1.29 MW), and 5.9 m/s (0.26 MW) are indicated. Because of the relative lower active
power at lower wind speed, the DFIG has an additional capability of the reactive cur-
rent output. Consequently, it is noted that lower wind speeds affect the active power
reference less.

On the basis of the steady-state equivalent DFIG model, if the stator active
power and reactive power in d-axis and g-axis are introduced, the rotor current i,’
and the rotor voltage v,’ (referred to the stator-side) can be expressed as

P _2X% P
b (13.10)
P oo Va 2K 0
rq Xm 3 m Vsd
’ X, 20X, X; O
v =5 (_rv _ 2 0AAs Ky )
rd ! Xm sd 3 Xm Vvd (13 11)
Vo= _2¢ 0XX Py .
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Figure 13.21 Amplitude and phase angle of the loading current during balanced grid
voltage dips.

where X, X,, andX,, denote the stator, rotor, and magnetizing reactance, respec-
tively, at S0 Hz, S; denotes the rotor slip value, o denotes the leakage factor of the
induction generator, and V,; denotes the peak stator phase voltage of the induction
generator.

The amplitude and phase angle of the rotor-side current during balanced LVRT
are shown in Figure 13.21, where wind speeds of 12m/s, 10.1m/s, and 5.9 m/s
independently evaluated. It can be seen that the maximum current amplitude appears
at 0.5 pu grid voltage, and the amplitude of the rotor-side current decreases dramat-
ically if the grid voltage dip is less than 0.5 pu for all three wind speeds. The phase
angle between the rotor current and the rotor voltage is almost reverse between the
sub-synchronous mode and the super-synchronous mode due to the opposite active
power flow.

Simulation validation of loading characteristics can be realized based on
PLECS blockset in Simulink. In the case of the wind speed of 10.1 m/s, an extreme
voltage dip 0.05 pu is taken into account, and the voltage and the current of the induc-
tion generator’s stator-side and rotor-side of the normal operation, and the LVRT con-
dition at the steady state is shown in Figures 13.22a and 13.22b. According to grid
code’s requirement, the stator-side provides the reduced active power output but sup-
plies the overexcited reactive power to support the grid voltage recovery during the
LVRT, which is shown in the upper part of Figure 13.22. As a result, the amplitude
of the stator current increases from 0.5 to 1.0 pu, and phase angle changes from 0 °
(releasing the active power) to 90 ° (injecting the reactive power). In the lower part
of Figure 13.22, the corresponding rotor-side voltage and current changes as well as
their phase angle. Moreover, it is noted that the amplitude of the rotor current becomes
higher during the LVRT operation.

13.4.3 Loss Distribution and Thermal Behavior During LVRT

The loss comparison of each power semiconductor in the power converter under the
normal condition and the LVRT operation can be seen in Figure 13.23, where the
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Figure 13.22  Simulated results of the DFIG system at wind speed of 10.1 m/s: (a) Normal
operation and (b) LVRT =0.05 pu.

power loss of three different wind speeds and one LVRT condition are considered.
During normal operations, it is noted that the power loss consistently increases with
higher wind speed. During the LVRT operation, it is noted that the power loss between
the IGBT and the diode becomes more unequal, and it is the LVRT operation that has
the highest power dissipation.

DFIG: Rotor-side converter
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Figure 13.23 Loss comparison of each power semiconductor in the rotor-side converter
under normal and LVRT situations. Note: T stands for the transistor and D stands for the
diode.
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LVRT situation at wind speed of 10.1 m/s: (a) Normal operation and (b) LVRT condition
(0.05 pu).

As shown in Figure 13.24, at the wind speed of 10.1 m/s, the junction tempera-
ture in the rotor-side converter is compared between the normal operation and LVRT
condition. It can be seen that the LVRT condition induces a higher junction tempera-
ture for both the IGBT and the diode, and it is consistent with the loss distribution in
Figure 13.23.

Based on the well-known Coffin—Manson lifetime models, the mean junction
temperature and the junction-temperature fluctuation of the power semiconductor are
the most important two indicators. Hence, it is interesting to investigate the ther-
mal excursion of the power device under various grid voltage dips as shown in
Figure 13.25, where the wind speeds of 12m/s, 10.1 m/s, and 5.9 m/s are studied,
respectively.

The simulated mean junction temperature and the junction-temperature fluctu-
ation of each switching device in the rotor-side converter in relation to the grid voltage
are shown in Figures 13.25a and 13.25b, respectively. Both the mean junction tem-
perature and the junction-temperature fluctuation vary slightly if the symmetrical grid
dip is above 0.5 pu, while they change dramatically if the grid voltage dip is below
0.5 pu. It is noted that the most stressed power device appears in the case of the wind
speed of 12 m/s. The highest mean junction temperature and the junction-temperature
fluctuation of the IGBT appear around 0.5 pu grid voltage. However, from the diode
point of view, the thermal stress becomes highest around 0.6 pu grid voltage. In the
case of the wind speed of 5.9 m/s, the most stressed power device appears at 0.5 pu.
Moreover, if the grid voltage is below 0.5 pu, although the mean junction temperature
shows similar performance as other wind speeds, the junction-temperature fluctua-
tion becomes less stressed due to the higher fundamental frequency of the loading
current.
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Figure 13.25 Junction temperature of the rotor-side converter under various symmetrical
voltage dips: (a) Mean junction-temperature value versus grid voltage and
(b) junction-temperature fluctuation versus grid voltage.

13.5 SMART THERMAL CONTROL BY REACTIVE
POWER CIRCULATION

The scope of the section is, first, to calculate the allowable reactive power circula-
tion between back-to-back power converters of the DFIG, where different operation
modes are taken into account. Then, a control method is proposed to improve the
reliable operation of the power module by reactive power circulation in the condition
of wind gusts.

13.5.1 Effects of Reactive Power on Current Characteristic

As both the rotor-side converter and the grid-side converter have the ability to control
the reactive power, it is possible to circulate the reactive power within the DFIG sys-
tem. As shown in Figure 13.26, the reactive power delivered to the power grid will

RSC GSC

Figure 13.26 Compensation scheme of the reactive power in the DFIG wind turbine system.



13.5 SMART THERMAL CONTROL BY REACTIVE POWER CIRCULATION 409

not be changed in case the reactive power of back-to-back power converters is con-
trolled in the opposite direction. However, some realistic limitations exist on using
this control scheme.

According to (13.12), the analytical formula of the converter output voltage V..
can be expressed as

Vdc
V3

where V,, V. denotes the rated peak phase grid voltage and DC-link voltage, respec-
tively, Xg denotes filter reactance at 50 Hz, and igd and igq denote the grid-side con-
verter peak current in the d-axis and g-axis, respectively.

It is evident that regardless of the operation modes, the amplitude of the con-
verter voltage is increased in the case of the overexcited reactive power injection.
Therefore, the maximum overexcited current should not saturate the modulation
index as listed in (13.12).

The second restriction lies in the capacity of the power device:

Vi +igg” <1, (13.13)

where I, denotes the peak current of the power module, which cannot be exceeded
by the increasing reactive current.

The third limitation is that the capacity of the induction generator Q, must be
taken into account [28].

Ve = \/(Vg g X+ (iggX ) < (13.12)

%Vgigq < Qs (13.14)

Similar restrictions apply to the rotor-side converter, that is, the linear mod-
ulation range, the rating limitation of the power device, and the induction generator
capacity. With the aid of the winding ratio k between the stator and the rotor, the rotor
voltage and the rotor current are able to transfer back to rotor-side variables. Three
limitations can be expressed as

’ 2 ;7 2
V. o+ Vv
N < 4 (13.15)
k 3
i +i <1, (13.16)
3 .
= SVanisg < 0, (13.17)

If two typical wind speeds of 5.9 m/s and 10.1 m/s are selected for the sub-
synchronous and the super-synchronous operation, the range of the reactive power
in the rotor-side converter can be calculated, as summarized in Table 13.4. It can be
seen that the range of the reactive power in the rotor-side converter is limited by the
induction generator capacity, while the range of the reactive power in the grid-side
converter is restricted by the DC link and the induction generator capacity.
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TABLE 13.4 Range of the reactive power for back-to-back power converter

Sub-synchronous mode

Super-synchronous mode

Grid-side Rotor-side Grid-side Rotor-side
converter converter converter converter
Typical wind speed (m/s) 59 10.1
Rated power (pu) 0.13 0.65
Active power current (pu) 0.06 0.19 0.11 0.54
Range of reactive power (pu) (—0.23, 0.06) (—0.29, 0.23) (—=0.23, 0.06) (—0.29, 0.23)

Considering aforementioned limitations, the possible range of the reactive
power in the grid-side converter and the rotor-side converter can be depicted in Fig-
ure 13.27. Since the current amplitude and the phase angle of the power converter are
two important indicators of the power device loading, both of them are evaluated and
investigated.
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Figure 13.27 Effects of reactive power circulation on back-to-back power converters in a
DFIG system: (a) Sub-synchronous mode at wind speed of 5.9 m/s and (b) super-synchronous
mode at wind speed of 10.1 m/s.
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Figure 13.28 Thermal-oriented control diagram of back-to-back power converters during a
wind gust.

From the characteristic of current amplitude, it is evident that minimum current
appears almost under no reactive power for the grid-side converter, while for the rotor-
side converter, the current decreases with higher overexcited reactive power. Unfortu-
nately, this reactive power is much lower than the underexcited reactive power, which
prevents the current of the rotor-side converter to reach its minimum value. From the
characteristic of phase angle, regarding the grid-side converter, it is noted that the
phase angle changes from unity power factor to leading or the lagging power fac-
tor significantly in response to the circulated amount of reactive power. Regarding
the RSC, it is noted that with increasing capacitive reactive power, the power factor
angle tends to be in phase under the sub-synchronous mode or inverse phase under the
super-synchronous mode. However, the phase shift looks insignificant in both cases.

13.5.2 Thermal Performance Improvement by Reactive
Power Control

During wind gusts, the abrupt change of the wind speed can be reflected by the
adverse thermal cycling in the power converter, as investigated in [29]. Therefore,
it is possible to control the junction-temperature fluctuation using a proper thermal-
oriented reactive power control during wind gusts, as shown in Figure 13.28.

The typical one-year return period wind gust is defined in IEC, Mexican-hat-
like curve [30]. The thermal cycling of the back-to-back power converters without and
with thermal-oriented reactive power control is shown in Figures 13.29a and 13.29b,
respectively.

As shown in Figure 13.29a, the active power reference becomes zero at the syn-
chronous operation point. Moreover, it can be seen that the minimum junction tem-
perature appears around the synchronous operation point and the maximum junction
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Figure 13.29 Thermal cycling of back-to-back power converters during wind gusts in a
DFIG system: (a) Without thermal-oriented reactive power control and (b) with
thermal-oriented reactive power control.

temperature appears above the rated wind speed. The thermal stress becomes least
serious around the synchronous wind speed due to that no active power flow through
the grid-side converter, while it becomes most serious at the extremely low frequency
of the rotor-side converter current.

As shown in Figure 13.29b, it is noted that by injecting proper thermal-oriented
reactive power, the maximum junction-temperature fluctuation in the grid-side con-
verter is decreased from 11 °C to 7 °C, for the reason that the additional thermal-
oriented reactive power is introduced under small active power in order to actively
heat up the device, which enhances the lifetime of the power converters. Meanwhile,
the maximum junction-temperature fluctuation in the rotor-side converter remains
the same, 18 °C, due to rather higher active power reference in the entire wind speed.
Generally speaking, when introducing additional reactive power to the wind turbine
system, the thermal behavior of the diode fluctuates more than that of the IGBT in the
grid-side converter, while the thermal behavior of the IGBT and the diode are slightly
changed in the rotor-side converter.

13.6 SUMMARY

This chapter starts with the loss model of power semiconductor devices, which is the
basis of the thermal stress evaluation of power electronic converters. An analytical
calculation of the power loss is proposed to evaluate the effects of the power module
selection, the modulation scheme, and the power factor of the converter specifica-
tion. Then, according to the physical layout of the power module, the thermal model
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is established in terms of the power module itself and its cooling solutions. After-
ward, aiming at back-to-back power converters used in the DFIG system, the thermal
stress of the power semiconductor can be investigated and assessed in normal and
abnormal grid conditions with considerations of the wind profile and the grid code
requirements.

It is concluded that, due to the same direction of the active power flowing
through back-to-back power converters, the most-stressed power device between
them is different in the normal grid condition. Besides, the occurrence of the LVRT
leads to the varied thermal cycling between the IGBT and the freewheeling diode
due to the existence of the reactive current injection. Furthermore, it can be seen that
due to the fact that both the grid-side converter and the rotor-side converter have the
ability to provide the reactive power, an optimized thermal control method of the grid-
side converter can be achieved during a wind gust, while the thermal performance of
the rotor-side converter is almost unaffected.
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CHAPTER 1 1

DFIG TEST BENCH

In this chapter, the designing and implementation of a reduced-scale DFIG test system
in the laboratory is introduced. The focus is on introducing how to build up such
a system in a laboratory, including the demands for the test system, the structure,
the hardware design for each part, as well as the control design, but mostly about
how to realize different control strategies. Additionally, information on how to test
this system and keep it running is also introduced. In this chapter, the intention is to
provide a guidance and reference for researchers who want to build a test system in
the lab and verify their research.

14.1 INTRODUCTION

In the previous chapters, the normal and advanced control for DFIG under unbalanced
grid voltage, harmonic distorted grid voltages, as well as under grid faults are intro-
duced. To verify these advanced control strategies, the experiment or test verifications
are necessary before they can be used on large-scale DFIG WPS. From an economic
point of view, the advanced control strategies are often tested in a reduced scale DFIG
test system in the laboratory. As a result, building up this kind of reduced-scale
DFIG test system is also very important for the research on the advanced control
for DFIG WPS under different grid conditions.

In this chapter, the design and implementation of a reduced-scale 30 kW DFIG
test bench in the laboratory are introduced. The focus will be on the explanation
about how to build up such a system in the laboratory, including the demands for
the test system, the structure, the hardware design for each part and also the control
design will be introduced. Additionally, information on how to test this system and
keep it running is also introduced. The chapter provides a guidance and reference for
researchers who want to build a test system in the lab, and to verify their ideas.

14.2 SCHEME OF THE DFIG TEST BENCH

The basic scheme of a DFIG WPS has been introduced in chapter 2 and it is shown
here again in Figure 14.1. The corresponding scheme of the DFIG test bench in the

Advanced Control of Doubly Fed Induction Generator for Wind Power Systems, First Edition.
Dehong Xu, Frede Blaabjerg, Wenjie Chen, and Nan Zhu.
© 2018 by The Institute of Electrical and Electronics Engineers, Inc. Published 2018 by John Wiley & Sons, Inc.
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Figure 14.1 Basic scheme of a real DFIG WPS.

laboratory is shown in Figure 14.2. Comparing these two figures, it can be seen that
the different part between the real DFIG WPS and the reduced DFIG test bench are:

* The wind turbine and the gearbox in a real DFIG WPS are replaced by the
caged motor (CM) controlled by a driving inverter and the mechanical behavior
of the wind turbine and gearbox need to be emulated by the CM and its driving
inverter.

* The non-ideal grid in a real power system is emulated by a grid emulator. As in
the lab, a grid emulator is necessary to generate these grid transient processes,

Driving Inverter
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DFiG )| JG (%
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[ Rsc GSC |! Communication ~|
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Figure 14.2 Scheme of a reduced-scale DFIG test bench.
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in order to emulate the grid voltage unbalance, harmonic distortion, and the
grid faults.

* The DFIG and the back-to-back converters in the test bench are reduced in
power scale, which means the power rating of the DFIG, RSC, and GSC in the
test bench will be much smaller compared to the real DFIG WPS. This may
influence the control performance. In a small-scale power system, the DFIG
stator and rotor resistances may be much larger, and for the RSC and GSC,
the switching frequency will be larger as well. So in real application, the best
should be done to design the test bench in the same way as it is in the real large
power scale DFIG WPS.

* The up-level control signal in a real DFIG WPS is normally coming from the
wind turbine controller. In the DFIG TEST bench, it can be emulated by a
computer communicating with the RSC and the GSC controller.

In this chapter, a 30kW DFIG test bench is used as an example. Building up

each part of the DFIG test bench will be introduced. Finally, the starting and the
protection of the total test system will be demonstrated in detail as well.

14.3 THE CAGED MOTOR AND ITS DRIVING INVERTER

The wind turbines in a real DFIG WPS is emulated by the caged motor driving by its
driving inverter in a DFIG test bench. The shaft of the DFIG and the caged motor is
connected, so the mechanical power generated by the caged motor can be sent to the
DFIG, and then the DFIG is able to generate power to the grid. Normally, the caged
motor and its driving inverter need to operate in three different operation modes:

¢ Speed-Control Mode: In this mode, the caged motor is controlled by the driv-
ing inverters to work with a fixed rotor speed. The DFIG is working under
power control or torque control at a fixed rotor speed.

* Torque-Control Mode: In this mode, the caged motor is controlled with a
fixed output torque. The rotor speed is controlled by the DFIG, and the DFIG
is working under speed-control mode.

¢ Inertia Emulation Mode: In this mode, the steady state of caged motor is
controlled in either speed-control mode or torque-control mode. During the
speed or torque changes, the output torque and the rotor speed of the caged
motor are controlled to emulate the transient process of the real wind turbines
with very large inertia, in this case, for example, the rotor speed variation during
grid faults can be emulated.

The driving inverter in this 30 kW DFIG test bench is a commercialized 30 kW
inverter, as the above mentioned for the driving inverter can easily be achieved by
commercialized inverters, or can be achieved by the commercialized inverters after
some simple reprograming.
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Figure 14.3  Scheme of the reduced scale DFIG converters.

14.4 DFIG TEST SYSTEM

The DFIG test system, with the DFIG, the RSC, the GSC, and the crowbar are the
major part of the test bench, as the advanced control strategies will be carried out on
them, and it is shown in Figure 14.3. It has been mentioned that the structure of the
DFIG and converters in the test system are basically the same as in the case of a real
DFIG WPS. However, as the power scale is reduced, the performance of the system
may be different on the test bench, for example, the switching frequency in smaller-
scale system will be larger, and the resistance will be larger as well. So, when the test
system is designed, these aspects must be considered, in order to make the test bench
more consistent with the real DFIG WPS [1].

14.4.1 DFIG

This book will not discuss the design of the generator. But, it should be noticed that
in a real DFIG WPS, the number of turns of rotor winding is normally larger than
that in the stator winding. This may be different from the commonly used induction
machines. Also, the DFIG is demanded to operate in super-synchronous speed, up to
1.2 pu. These aspects must be considered when ordering the DFIG. The parameters
of the 30kW DFIG used in the test bench introduced in this chapter are given in
Table 14.1 [2].

TABLE 14.1 Parameters of the DFIG in the 30 kW test bench
compared with real 1.5 MW DFIG WPS

Rated power 1.5 MW 30 kW
Rated voltage (L-L) (V,,,,) 690 380
Stator resistance R, (m<) 2.139 92
Stator inductance L, (mH) 4.05 26.7
Rotor resistance R, (mQ) 2.139 56
Rotor inductance L, (mH) 4.09 26.2
Mutual inductance L,, (mH) 4.00 25.1

Turns ratio n,, 0.369 0.32
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14.4.2 Hardware Design of the GSC

14.4.2.1 Switching Devices
With the steady-state model of the DFIG introduced in Chapter 4, the rated active

power on the rotor-side P, ., can be found as

P =S,P (14.1)

r_rated s_rated

This is also the active power that the GSC has to deliver to the grid. As the GSC
is connected to the grid directly, the output voltage of the GSC is the grid voltage,

whichis V;_;) = 380 -V, in this case. So the rated current /, ;.4 of the GSC can
be calculated as
P 30000 x 0.2
Iy rareq = V322 = 1732 x 2= "= A v 19A 14.2
raed = V3 V-1 380 x 1.414 (14.2)

The current rating of the switching devices (IGBT in this case) is normally
selected to be more than two times the rated current, so the current rating of the IGBT
used in the test bench should be larger than 40A. For the voltage rating, the minimum
DC-bus voltage for the GSC VG . should be

Vfcimin =V, =1414%x 380V =~ 537V (14.3)
The DC-bus voltage should also consider the demands of the RSC. It can be
found from (4.20) and (4.10) that the rated rotor voltage can be found:

VrJaled(L—L) = nLSVL—L = ﬁ X 02 X 1414 X 380V ~ 352V (144)
sr ‘

where n, is the turn ratio between the stator and the rotor. So, the minimum DC-bus
voltage for the RSC V5C min Should be

VR i = Ve aredary ¥ 353V (14.5)
Therefore, as the two-level topology is used for the GSC, IGBT chips with a
voltage rating of 1200 V and current rating of 40 A is used for the GSC.

14.4.2.2 Switching Frequency

The switching frequency of the converters with a power rating of 10 kW with IGBT
is normally between 10 and 50 kHz. However, as in this test bench, the behavior
of the MW-rated wind power system is emulated, the switching frequency should be
selected to be the same as that of the MW-rated wind power system, which is normally
a few kHz. In this 30 kW test system, it is selected as 2 kHz.
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14.4.2.3 Grid Filter Inductance

In a real application, the filter inductance of the three-phase grid-connected inverter
is normally designed such that the voltage drop in the inductor is about 10-20% of
the grid voltage. In this case, the grid filter inductance L, will be

_ 0.2 VS(L—L)
2 \/gﬂ-f gI g-rated

where f, is the grid frequency, which is 50 Hz in this case.

L

o ~ 9.9mH (14.6)

14.4.2.4 DC-Bus Voltage and Capacitance
It has been calculated that the minimal DC-bus voltage for the GSC, Vgc,min =537V
and that for the RSC, Vf;cimin = 352V, so the targeted DC-bus voltage is chosen to
be about 1.2 times the DC-bus voltage for the GSC ngimm, which is

V, = 650V (14.7)

The design of the DC-bus capacitance will be carried out with the consideration
of power balancing of the GSC and the RSC in a switching period. Normally, (14.7)
is used to calculate the DC-bus capacitance C, for the GSC and the RSC.

C > TrAPmax
=2V, AV,

max

(14.8)

where T, is the delay of the control system, normally five times the switching period,
which is 0.5ms in this case, so 7, = 0.5 X Sms = 2.5ms. AP, is the maximum
power flow, which is the rotor rated power P, 00 = SiPs_rared = OKW. AV ., 1s the
maximum voltage fluctuations in the DC-bus, normally designed to be 10% of the

DC-bus voltage V.. So, the DC-bus capacitance C, can be calculated as

2.5ms X 6kW
> = 177uF 14,
CiZ 5650V = 0.1x650v Y (149

So, according to the above calculation, the DC-bus capacitance should be larger
than 177 pF. In this test bench, the DC-bus capacitance is selected to be 4700 pF, with
a voltage rating of 900 V. In this case, the two converters are strongly decoupled.

14.4.2.5 Charging Circuits
The charging circuits, as shown in Figure 14.3, are designed to achieve soft starting
of the GSC when it is connected to the grid. Before the GSC is started and connected
to the grid, the DC-bus voltage is zero. If the main contactor K1 is directly closed
without soft charge, the inrush current into the large DC capacitance may destroy the
diode paralleled with the IGBTs.

The charging circuit is working in the following sequence:

Step 1: The soft-start contactor K1 is closed first, the soft-start resistors R, Ry,
and R, are connected to the charging circuit so that the charging current can
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be limited by these resistors. For example, the largest charging current [,
in phase A can be expressed as

1
Istart ~ R_VL—L (1410)

a
The current rating of the IGBT and the diodes are 40 A, so [,,,, must be smaller
than this. So, the smallest resistance can be calculated as

1

R, ~ V,_, ~ 135Q (14.11)

rated
The soft-start resistance is chosen to be 15 Q. It should be noticed the power or
current rating of the resistance also need to be considered.

Step 2: After the DC-bus voltage has risen up to a certain value (500 V in this
case), the main contactor K2 is closed and the filter inductance is connected
into the circuit.

Step 3: The soft-start contactor K1 is opened a few milliseconds and the soft-
start resistor is by-passed. So, the control system can be enabled and control
the GSC to work in normal operation. In this way, the soft starting of the
GSC is finished.

14.4.3 Control Design of the GSC

14.4.3.1 Control Scheme

The control scheme of a GSC is similar to the typical three-phase PFC boost rectifier,
which has been introduced in Chapter 4 and it is shown here again in Figure 14.4.
The three-phase grid voltage V.., cunent;:gabc, and the DC-bus voltage V. are

sampled for the control scheme. The grid angler 8, and angler speed w, are produced
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Figure 14.4 Control scheme of the GSC.
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by the PLL. The control scheme consists of the current inner loop and the DC-bus
voltage/reactive power outer loop. The DC-bus voltage reference V(;if is provided
by the wind turbine controller and compared with the sampled DC-bus voltage V, .
The error is put into the outer loop PI controller, and the output of the PI controller
is the rotor current reference in d-axis i;e;. The reactive power loop is an open loop
based on (5.10) and the rotor current reference in d-axis i;ef is calculated. The inner
current loop is designed based on (5.8), after decoupling, and the rotor currents in the
dq reference frame i,, and i,, can be regulated by the output voltage of the GSC v,
and v,. The PI controllers in the reference frames are used and the output of the PI
controller after decoupling is the voltage reference of the GSC v;ef and v;ef . They are
transferred back into the abc reference frame and the drive signals are generated after

the SPWM modulation, or SVM modulation in some cases.

14.4.3.2 Control Circuits

To achieve the control scheme introduced above, the control circuits need to be
designed and built. The basic scheme of the control circuits of the GSC is shown
in Figure 14.5. The control circuits consist of the following parts:

¢ Sampling Circuit: The sampling circuit measures the output current and the
DC voltage of the GSC, as well as the grid voltage, and transfers them into
the analogy signals which are compatible with the DSP controller. In the GSC,
the three-phase grid voltage, three-phase GSC current, and the DC-bus voltage
need to be sampled and transferred, as shown in Figure 14.4. As a result, the
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Figure 14.5 Scheme of the control circuit of the GSC.
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sampling circuits can also be divided into three parts: the voltage sampling,
the current sampling, and the DC-bus voltage sampling circuits, as shown in
Figure 14.5. The output of the sampling circuits is provided as the feedback in
the control loop and connected to the DSP controller.

* DSP Controller: The DSP controller is the central processor of the whole sys-
tem. The related calculations in the control scheme shown in Figure 14.4 are
realized in the DSP controller. The duty cycles of every switching devices are
also generated in the DSP controller and sent to the IGBT drive. Furthermore,
the DSP controller will send control signals to the contactor drive to control the
contactor driving start up.

* IGBT Drivers: The IGBT drivers receive the duty cycle signals from the DSP
controller and drive the IGBT. It can be regarded as part of the control cir-
cuits, but somewhere, it is also regarded to be a part of the IGBT device. With
the driving of the IGBT drive, the GSC is able to generate the output voltage
required by the DSP controller, so the whole control loop can be closed-loop
connected.

¢ Contactor Drivers: The contactor driver circuit controls the contactor accord-
ing to the DSP controller’s demands. This part cannot be found in the control
scheme shown in Figure 14.4, but it is related to the soft start of the GSC, as
well as the protection of the system.

The soft-start sequence of the GSC can also be regarded as a part of the control
design, and it has been introduced in the last section. A detailed schematic of each
part is not given in this book, as a lot of recommended circuits can be found in the
references and also in the data sheet of the current and the voltage sensors.

14.4.4 Testing of the GSC

After the main circuits and the control circuits have been built, and the control strategy
has been programmed, the next step is to test and debug the GSC and make it work
normally. This testing method or sequence can be different according to the user’s
different experiences. A testing sequence is provided here according to the author’s
experiences, just as a reference for the readers.

Step 1: Test all the control and protection circuits and make sure they are work-
ing normally.

Step 2: Open contactors K1 and K2, use a DC source to raise the DC-bus volt-
age, and use the DSP controller to give open-loop sinusoidal signal to every
phase, and check the output voltage of the GSC, until the DC-bus voltage
reaches the normal DC-bus voltage, in order to make sure if all the hardware
and IGBT drives are working normally.

Step 3: Test the soft-start circuits and the related control, until the soft-start
circuits are able to charge the DC bus to more than 500 V without enabling
the IGBT.
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Step 4: Enable the controller, and adjust the controller parameters according to
the test results. A resistor load can be added to the DC bus in order to test
the heavy load performance.

14.4.5 Hardware Design of the RSC

For the switching devices (the IGBT), the targeted DC-bus voltage of the GSC has
been designed to be V;, = 650V, and the rated rotor current of the DFIG /, .., can
be calculated from the steady-state model of the DFIG, as expressed in (14.12), and
this is also the rated current for the RSC.

P d
L vared = Moyl rated = n”\/;Tm ~ 19.6A (14.12)
L-L

The current rating of the IGBT is also chosen to be two times rated current, so
the IGBT with the voltage rating of 1200 V and current rating of 40 A is selected for
the RSC.

As the RSC is directly connected to the DFIG rotor, a filter inductance is not
necessary for the RSC. However, in some cases, a dv/dt filter is installed at the AC
side of the RSC, but in the test bench, it can be omitted.

14.4.6 Control Design of the RSC

14.4.6.1 Control Scheme

The widely used vector control scheme of the RSC and DFIG has been introduced in
Chapter 5. The RSC will control the DFIG to operate in starting mode, power-control
mode, or speed-control mode according to different working conditions. Their control
scheme is shown in Figures 14.6—14.8 again here. The inner current loop is similar in

To GSC

RS

dq £
» PWM RSC
abc >
0 — HT f,.d( abc
dq
6. — G,T
60"
= Vv
\)Mq - abcle sabc
ﬁgdq PR dq - .‘7;1111140\

c; SRF-PLL Grid

Figure 14.6 Control scheme of the RSC in starting mode.
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Figure 14.7 Control scheme of RSC and DFIG in power-control mode.

these three different control modes. For the starting mode, the outer loop is the stator
voltage loop; for the power-control mode, the outer loop is the power loop; while in
the speed-control mode, the outer loop is the speed-control loop. A detailed analysis
of the control scheme and the design of the controller parameters can be found in
Chapter 5, so it will not be repeated in this chapter.
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Figure 14.8 Control scheme of the DFIG in speed-control mode.
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Figure 14.9 Scheme of the control circuit of the RSC.

14.4.6.2 Control Circuits

Similar to the GSC, the control circuits of the RSC consist of the following parts:
the sampling circuit, the DSP controller, the IGBT driver, and the contactor drive, as
shown in Figure 14.9.

¢ Sampling Circuits: In the RSC, more control variables need to be measured
by the sampling circuit, including the rotor current, the stator current, the stator
voltage, and the grid voltage, and transfers them into the analogy signals which
are compatible with the DSP controller, as shown in Figure 14.9. The output of
the sampling circuit is provided as feedback to the control loop and connected
to the DSP controller.

* DSP Controller: The DSP controller is also working as the central processor
of the whole system in the RSC. The related calculations in the three opera-
tion modes are all implemented in the DSP controller. The duty cycles of each
switching device are also generated in the DSP controller and sent to the IGBT
drive. Furthermore, the DSP controller will send the control signals to the con-
tactor drive to control the contactor.

¢ IGBT Driver: Similar to that in the GSC, the IGBT drive receives the duty
cycle signals from the DSP controller and drives the IGBT. So, the RSC is able
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to generate the output rotor voltage required by the control strategy and the
whole control loop can be closed-loop connected.

* Contactor Driver: The contactor drive circuit drives the contactor according
to the DSP controller’s demands. In the RSC, it is the stator main breaker Ks,
as shown in Figure 14.9. It is important in the mode-switching process between
the starting mode and the power-control mode.

14.4.7 Testing of the RSC

As there are three operation modes for the RSC and the DFIG; the testing of the
RSC will be more complicated compared to the case for the GSC. A testing sequence
according to the experience is provided here as a reference for the readers.

Step 1: Test all the control circuits as well as the protection circuits and make
sure they are working normally. Open the stator breaker Ks, use a DC source
to raise the DC-bus voltage, and use the DSP controller to give open-loop
sinusoidal signals to every phase, and check the output voltage of the RSC,
until the DC-bus voltage reaches the normal DC-bus voltage. So it can be
confirmed that all the hardware and IGBT drivers are working normally.

Step 2: The starting mode needs to be tested first. Set the driving inverter to
speed-control mode, keep the stator breaker Ks open, and test the starting
mode. Check the three-phase grid voltage and the stator voltage until the
stator voltage in the starting mode has been controlled to track the grid
voltage.

Step 3: Then it is the power-control mode. Close the stator breaker Ks after
stator voltage in the starting mode has been controlled to track the grid volt-
age. Operate the RSC and DFIG in power-control mode, keep increasing the
output power and adjusting the control parameters, until the output power
reaches the rated power.

Step 4: The speed-control mode is normally tested last. Change the driving
inverter to torque-control mode, and switch the RSC and DFIG to speed-
control mode. Change the rotor speed references and adjust the controller
parameters to get an appropriate response.

14.5 ROTOR-SIDE CROWBAR

In a real DFIG system, the rotor-side crowbar with a rectifier is commonly used as it
is relatively cost-efficient compared to the structure of three bidirectional switches.
The rotor-side crowbar with a rectifier is also used and its schematic is shown in
Figure 14.10. The switch is achieved by an IGBT S, when S is turned on and the
crowbar is enabled and the crowbar resistance R, . is connected to the rotor circuit.
The RC circuit consisting of the resistor R, and the absorbing capacitance C,,, is
used to reduce the voltage peak when S, is switched off. The resistance R;, is normally
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Figure 14.10 Schematic of the rotor-side crowbar in the DFIG.

selected to be higher than 1 kQ; it is used to prevent overvoltage when the S, is turned
off and the crowbar is disabled.

The largest voltage and current in the rotor-side crowbar during the voltage dips
can be calculated from the dynamic model of DFIG under grid faults, which has been
introduced in Chapter 11. The maximum rotor current with rotor-side crowbar /,,,
can be found as

|

PV

Irm T —_—
*\/R> +w,oL,?

Normally, /,,, is designed to be about two times the rated rotor current, the
maximum voltage dip level p is 80%, and the maximum rotor speed w,. is 1.2 pu. The
required crowbar resistance R,. in this test bench can be derived from (14.13), and
referred to the rotor side, as shown in (14.14).

1 w, pV 2
R~ — (-’ S) — (w,0L,)* ~ 25Q (14.14)

nsr wS Irm

Q

(14.13)

)

This crowbar resistance R, here is the resistance in a linear circuit; its relation-
ship with the real crowbar resistance in the crowbar shown in Figure 14.10 has been
studied in Chapter 12, as expressed in

R. 4. = V3R, ~43Q (14.15)

The next step is to select the IGBT §,.. The maximum rotor current /,,, is
designed to be 2 pu in this 30kW test bench by considering the stator—rotor ratio:

L, ~n,2l .. = 39A (14.16)

As the crowbar is a nonlinear circuit, the maximum current flow in the IGBT S,
will be larger than /,,,,, so more margin needs to be given while choosing the IGBT.
When the crowbar is disabled, the voltage in the IGBT S, is the DC-bus voltage of the
RSC and GSC, which is about 650 V. So, the IGBT with a voltage rating of 1200 V

and a current rating of 60 A is selected.
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The resistance R, is used to prevent overvoltage when S,. is turned off and the
crowbar is disabled. It is selected to be 100 € in this test bench. The RC circuits to
protect the IGBT S, are selected according to the recommendation provided by the
IGBT datasheets.

14.6 GRID EMULATOR

14.6.1 Demands of the Grid Emulator

As the non-ideal grid is somehow non-predictable and cannot be controlled, it is nec-
essary to emulate the non-ideal grid with grid emulator in the lab. To cooperate with
the DFIG test bench and finish the test of the DFIG under the non-ideal grid, the grid
emulator should fulfill the following demands:

¢ The grid emulator needs to provide normal three-phase voltage to the DFIG
under normal working conditions and at the same time, the grid emulator should
be able to send the power produced by the DFIG back to the grid. This is the
basis for the DFIG to work normally.

¢ The grid emulator is required to emulate non-ideal grid voltages, including grid
harmonic distortions, grid voltage unbalances, and symmetrical, asymmetrical
grid voltage dips introduced by the grid faults. The fault parameters, includ-
ing the voltage dip levels, the fault durations, and the faulted phase should be
adjusted freely.

* The grid emulator should also emulate the grid behavior, for example, the non-
instant voltage recovery after the grid faults, introduced by the action from the
protection breaker, and the recurring grid faults.

So, according to these demands, it can be found that the grid emulator should
be a three-phase voltage source which is able to provide the output voltage similar
to the grid voltage. At the same time, the grid emulator should be able to control the
output voltage freely and with a fast dynamic response speed, in order to emulate the
three-phase non-ideal grid voltage [3, 4].

14.6.2 Hardware Design

14.6.2.1 Scheme of the Grid Emulator

According to the above-listed demands, a back-to-back converter is used to build up
the grid emulator, as shown in Figure 14.11. The grid emulator consists of two con-
verters which are back-to-back connected. It provides a three-phase output voltage to
emulate the grid voltage of the DFIG test system. Also, the non-ideal grid conditions,
including the grid voltage harmonic distortions, grid voltage unbalance, and the grid
voltage dips and recovery introduced by the grid faults can be emulated by controlling
the output voltage of the grid. The fault-emulated converter shares a common DC bus
with the grid converter. The DC-bus voltage is provided by the grid converter. The
grid converter is a fully controlled rectifier; it has the ability to work bidirectionally.
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Figure 14.11  Schematic of the grid emulator.

Therefore, the active power generated by the DFIG test system can be sent back to
the grid by the grid converter [5].

In this test system, the T-type three-level voltage source topology is used in the
fault-emulated converter and the grid converters. The traditional two-level voltage
source topology could also be a choice [6].

14.6.2.2 Switching Devices

To select the switching devices, the rated voltage and current of the grid emulator
should be determined first. The grid converter is connected to the grid, and the output
voltage of the fault-emulated converter emulates the grid voltage, so the rated AC-
side voltage V,,,.q_ac of both converters is at the grid voltage, as shown in (14.16).

VratedAC = Vs =220V,

rms

=311V (14.17)

With SPWM modulation, the smallest required DC-bus voltage V. ... can be
calculated as

Vae_min = 2Vy = 622V (14.18)
With 20% margin, the DC-bus voltage V. is selected to be
Ve min = 780V (14.19)

Regarding the rated power, as all the power generated by the DFIG test system
will flow through the grid emulator, the rated power of the grid emulator should not be
less than the rated power of the DFIG test system. Furthermore, as in grid faults, the
stator current of the DFIG may reach two times the rated current, so the grid emulator
should withstand a short-time overcurrent. The rated power, DC-bus voltage, and the
selected switching devices are listed in Table 14.2. The normal rated power of the
grid emulator is designed to be 30kW and it has the ability to withstand short-time
transient currents up to 120 A. So, the voltage rating of the IGBT is chosen to be
1200V for the switches in the main bridge and 600V for the switch in the middle
bridge, and the current rating is selected to be 200 A.
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TABLE 14.2 The selection of switching devices in the grid emulator

Rated AC-side output voltage 311V
Rated DC-bus voltage 780 V
Rated normal power 30 kW
Maximum short-time current 120 A
Selected voltage rating of the IGBT 600 V/1200 V
Selected current rating of the IGBT 200 A

14.6.2.3 Switching Frequency

The switching frequency of the grid emulator is chosen according to its rated power,
as for the converters with the rated power of tens of killowatts, the switching fre-
quency is normally selected to be more than 10 kHz. It should also be considered that
in three-level converters, the switching frequency can be smaller compared to the
two-level converter. In this test bench, the switching frequency of the grid emulator
is selected as 16 kHz, for both the fault-emulated converter and the grid converter.

14.6.2.4 Filter Inductance and Capacitance

The output filter of the grid converter is similar to that of the GSC, the L filter is
used. For the fault-emulated converter, LC filter is used to provide a high quality AC
output voltage. The filter inductance can be designed by the empirical formula, as
shown in (14.6). It can also be designed according to the current ripple limit on the
output current. For the three-level converter, the largest current ripple Al,,, can be
expressed as

1 Vdc
Al ==-—2% 14.20
M2 2L, ( )
where V. is the DC-bus voltage, f;,, is the switching frequency, and L is the induc-
tance. Normally, the current ripple Al ,, is designed to be 20% of the rated current,
so the inductance can be calculated as

v,
p=t_VYa  _1 760V ~ 1.4mH (14.21)
22A1, fu, 402 x64A x 10000Hz

For the filter capacitance, the LC filter is normally designed so that the corner
frequency of the LC filter is about 10% of the switching frequency, which means

1
27\ LC

n

= 0.1f,, = 1000Hz (14.22)

Thereby, the capacitance C can be calculated:

C ~ 180uF (14.23)
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14.6.2.5 DC-Bus Capacitance
The design method of the DC-bus capacitance is the same as that in the case of the
GSC; according to (14.8), the smallest DC-bus capacitance should be

0.1ms x 30kW
C,>
2x 750V x 0.1 x 750V
This is a very small value, so in real applications, the DC-bus capacitance is

selected to be 9400 pF, so it can be ensured that the DC-bus voltage will not become
too high/low at abnormal condition. And the voltage rating is 900 V.

= 260uF (14.24)

14.6.3 Control Design

14.6.3.1 Control Scheme of the Grid Converter

The grid converter operates as a fully controlled PFC rectifier, so its control scheme
is similar to that described in the GSC of the DFIG test system, as shown in Figure
14.12. As for the three-level converter, the middle-point voltage needs to be con-
trolled, and the upper-bus voltage v,., and the lower bus voltage v,._ are both con-
nected in the outer DC-bus voltage loop. The sum of v,., and v,._ are controlled

to track the voltage reference Vf , and the output of the sum loop is the d-axis cur-
rent reference i; ;- While the difference of v, and v,._ are controlled to track zero,
and the output of the difference loop is the o0-axis current reference i;{. As no reac-
tive current output is needed for the grid converter, the g-axis current reference i;e;
is zero. The inner current loop is basically the same as that in the GSC, except that

an o-axis current loop is added to the control scheme for the grid converter, as it is a
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Figure 14.12  Control scheme of the grid converter in the grid emulator.
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Figure 14.13  Control scheme of the fault emulator converter.

three-phase four-line system and thereby the zero-sequence current in the neutral line
needs to be controlled as well. The grid converter also needs a soft-start control before
it starts to operate, which is the same as that for the GSC, so it will not be repeated
here.

14.6.3.2 Control Scheme of the Fault-Emulated Converter
The fault-emulated converter needs to control the three-phase output voltage to emu-
late the non-ideal grid voltages and the three-phase output voltage needs to be con-
trolled independently and with a good dynamic response. The control scheme of the
fault-emulated converter is shown in Figure 14.13. The vector control is also used to
achieve a good control performance. The outer loop is the output voltage loop; the
three-phase voltage references v'¢, v, and v are transferred to the dgo reference
to be the voltage reference vector Y/':efb and the output voltage is controlled to track
Y/’:ZJ;O in the outer voltage loop. The output of the outer Xoltage loop is the current
reference of the inner current loop. The inductor current i; is controlled in the inner
current loop, the output of the inner loop ?;Zj;o is transferred back into the abc refer-
ence frame, and V;Z];C is the voltage reference for SPWM modulation. A fqadforward
control of the load current or the output current of the DFIG test system i is added
to the control scheme, in order to reduce the output impedance of the fault-emulated
converter, so the output voltage will not be seriously influenced by the transient cur-
rent introduced by the DFIG under grid faults.

In normal situations, the voltage references vgflf , vzzf ,and v;if are the ideal three-

phase AC voltages. To emulate the non-ideal grid voltage, the voltage references vng,

v:Zf ,and vfff need to be adjusted to the harmonic voltage, unbalanced voltage, or set

a voltage dips on the reference.
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Figure 14.14  Control circuits of the grid converter in the grid emulator.

14.6.3.3 Control Circuits
The control circuits of the grid converter and the fault emulating converter are shown
in Figures 14.14 and 14.15, respectively. The structure of the control circuits is similar
to the GSC and the RSC for the DFIG system. The voltages and currents are measured
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Figure 14.15 Control circuits of the fault-emulated converter.
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by the voltage or current sensors, including the three-phase grid voltage Veabe? grid
current igabc, DC-bus voltages V., and V,._ for the grid converter. For the fault
emulating converter, the three-phase output voltage v_, . inductor current i, , , and
the DFIG current, or load current i, are measured too. The corresponding signals
are sent to the sampling circuits. The sampling circuit transfers the voltage and current
into the signal which is compatible with the DSP controller, and is sent to the DSP
controller as the feedback of the control loop. The calculation of the control strategy
is realized in the DSP control. The feedback signals from the sampling circuits are
used to calculate the voltage reference, and the duty circuits are also generated in the
DSP controllers by SPWM modulation. The duty cycle signals are sent to the IGBT
drive circuits, and they are used to drive the converter. The DSP controllers also send
control signals to the contactor drive circuit to control the contactor and to realize the
soft-start or enable the protection.

14.6.4 Testing of the Grid Emulator

A test sequence for the grid emulator is also given here as a reference.

Step 1: The grid converter needs to be tested at first, as it provides the DC-
bus voltage for the fault-emulated converter. The testing method of the grid
fault converter is almost the same as that of the GSC of the DFIG system. It
should be noticed that for the three-level converter, the neutral point voltage
of the DC bus should be checked carefully.

Step 2: After the grid converter has operated normally, the grid emulating con-
verter needs to be tested with no load firstl, then with a resistor load.

Step 3: When the grid converter works normally with resistor load, it should be
connected to the DFIG. Some stability problem may occur when the stator of
the DFIG is connected to the grid emulator; we should adjust the controller
parameters or possibly adjust the load current feedforward parameters in the
fault-emulated converter.

14.6.5 Test Waveforms of Grid Emulator

Some test results from the grid emulator are shown here as examples. The test wave-
forms of the grid emulator to emulate non-ideal grid is shown in Figure 14.16, which
includes the symmetrical voltage dips and voltage swells, asymmetrical voltage dips,
the frequency variations, and the harmonically distorted grid voltage. It is shown that
the grid emulator is able to emulate many kinds of non-ideal grid voltage conditions
for the DFIG test system, and the dynamic response is within 5 ms.

The performances of the DFIG under the grid faults emulated by the grid emu-
lator are shown in Figures 14.17 and 14.18. In Figure 14.17, two symmetrical volt-
age faults are emulated by the grid emulator connected to the DFIG test system. The
three-phase grid voltages and the output voltage of the grid emulator drops to 20% of
the normal values at #,, and back to normal at ;. The second fault is emulated at ¢,
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Figure 14.16 Non-ideal grid voltages emulated by the grid emulator: (a) Symmetrical
voltage dips; (b) asymmetrical voltage dips; (c) voltage swells; (d, e) frequency variations;
and (f) harmonic distorted grid voltage.
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Figure 14.17 Performance of the DFIG test system during the symmetrical grid faults
emulated by the grid emulator.
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Figure 14.18 Performance of the DFIG test system under the asymmetrical grid faults
emulated by the grid emulator.

the voltage drops again and recovers at f;3. The grid emulator is able to emulate the
voltage drops introduced by the grid faults, and the response time is within 10 ms. It
can be found that large transient stator currents are introduced by the voltage dips on
the DFIG, which is also the output current of the grid emulator, and the grid emulator
operates normally under this load current disturbance. In Figure 14.18, two asym-
metrical voltage faults are emulated by the grid emulator: one-phase grid voltage is
controlled to drop to 50% of the normal value at #;, and back to normal at ¢, the
second fault is emulated at #, and the voltage drops again and recovers at #3. It can
be found the grid emulator can emulate the asymmetrical voltage dips introduced by
the asymmetrical grid faults as well.

14.7 COMMUNICATIONS AND UP-LEVEL CONTROL

In the real WTS, the up-level control demands of the DFIG converters are given by
the wind turbine controller according to the wind speed and the grid demands. They
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To RSC To GSC

Figure 14.19  Overall communication scheme of the DFIG test bench.

can be power/speed reference of the DFIG converters, the start or stop command,
or the mode-switching command. In the DFIG test bench, these control commands
are directly given by a PC software and sent to the DSP controller of the wind power
converters by CAN communication, as shown in Figure 14.19. The PC communicates
to the DSP controller of the RSC through the serial port, and the RSC’s DSP controller
communicates with the GSC’s DSP controller with CAN. The control commands
come from the PC and they are sent to the GSC which needs to be handled by the
RSC first, and then sent to the GSC.

The communication from the PC to the RSC is achieved by a serial port commu-
nication; the baud rate is 9600 bps. A control software is made based on the Modbus
protocol and the main function of the control software in the PC is shown in Figure
14.20. The main function of this control software includes display, debugging, and
auxiliary. The display function is used to monitor system status, including the sys-
tem state, the real-time voltage, current and power output, as well as the fault status.

System state

Display Real-time trends

Fault
System
parameters setup
PC
Control Debugging Controller
software ;J parameters setup
Operate
control
] System time
setup
User
management

Figure 14.20 Main functions of the control software in PC in Figure 14.19.
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The debugging function is used for debugging of the DFIG test system, for exam-
ple, to start or stop the system, to adjust the system and controller parameters online.
The auxiliary function is to manage the auxiliary functions of the system, like user
management or system time set up.

The monitor and debugging interfaces of the PC software are shown in Figures
14.21a and 14.21b, respectively. It can be found in Figure 14.21a that the important
system real-time electrical variables can be displayed on the interface, including the
grid voltage, stator voltages, rotor currents, stator currents, and the DC voltage. The
debugging interface is shown in Figure 14.21b. The control software is able to control
the DFIG test system to start, to stop, to change the control mode, as well as to adjust
the controller parameters in the rotor current loop, reactive power loop, and also the
voltage loop.

14.8 START-UP AND PROTECTION OF THE SYSTEM

14.8.1 Start-Up of the System

The DFIG test bench consists of five power electronic converters and two motors
or generators, so the starting of the system must be planned carefully. A starting
sequence is introduced here, together with different test waveforms for better under-
standing. As shown in Figure 14.22, the grid emulator is started first to provide the
three-phase grid voltage to the system. Then, the driving inverter and the driving
motor is started to make the DFIG operate under normal rotating speed. At last, the
DFIG system is started and connected to the grid emulator and the related test can
then be carried out.

The grid emulator needs to be started first, to provide the three-phase grid volt-
age for the DFIG test system. The starting waveforms of the grid emulator are shown
in Figure 14.23. The grid output currents, DC-bus voltage, and the output voltages
of the grid emulator are shown. The soft-starter circuit charges the DC-bus capacitor
first and when the DC-bus voltage is larger than 560 V, the soft-start finishes, and then
the grid converter is enabled and finally controls the DC-bus voltage to be stabilized
to about 780 V. The fault emulator measures the DC-bus voltage as well. When then
the DC-bus voltage is stabilized, the fault emulator converter is then enabled and the
output voltage is gradually increased to the rated value (about 311 V).

Then, the driving inverter and driving motor are started and the motor should
be controlled in speed-control mode and the rotor speed should be adjusted to 1200—
1800 rpm, which is also the rotor speed within the operation range of the DFIG.

The DFIG test system is started at last. The start-up of the DFIG system has
been introduced in Chapter 5 and the start-up waveforms are given in Figure 14.24.
The GSC is started first to provide the DC-bus voltage of the RSC. The soft-start
circuit charges the DC bus first and then the GSC is started to control the DC-bus
voltage to be about 650 V. Then, the RSC is started in starting mode, the stator voltage
is controlled to track the grid voltage (or the emulated grid voltage generated by the
grid emulator). The rotor current is increased gradually as the demagnetizing current
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debugging interface.

(b)

User interface of the PC software (a) system monitor interface and (b) the
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Figure 14.22  Start-up sequence of the DFIG test bench: (a) Start the grid emulator; (b) start

the driving inverter

and (c) start the DFIG test system.
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Figure 14.23  Start-up of the grid emulator.
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Figure 14.24  Start-up of the DFIG test system.

is provided by the RSC. When the amplitude, phase, and frequency of stator voltage
and the grid voltage are about the same, the stator breaker is closed and the DFIG
is connected to the grid (or grid emulator). The stator current is no longer zero, as
shown in Figure 14.24. Then, the start-up of the whole system is completed and the
test of DFIG under non-ideal grid can be carried out.

14.8.2 Shutdown of the System

The shutdown of the system can be regarded to be the reverse process of the start-up
of the system. It will be carried out in the following sequence:

* The DFIG test system should be shutdown first. The active power of the DFIG
should be reduced to zero and the stator breaker can be opened. After the stator
voltage is reduced to zero, the GSC can be stopped.

* Reduce the rotor speed to zero and shut down the driving inverter.

* Reduce the output of the grid emulator to zero, and then disconnect the grid
emulator from the grid. After the DC voltage of the grid emulator is small
enough (<10 V), shut down the grid emulator.

14.8.3 Overcurrent Protection of the System

An overcurrent protection system is available in each power electronic converter and
their structures are about the same. So, the protection in the RSC is taken as an exam-
ple in this section and the next.
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Figure 14.25 Protection scheme of the DFIG test system.

As shown in Figure 14.25, the overcurrent protection of the RSC is achieved
in three levels: the gate drive protection, the sampling protection, and the software
protection. The gate drive protection and sampling protection are achieved through
protection circuits in IGBT drives and sampling circuits, while the software protection
is achieved by the software program in the DSP controller.

14.8.3.1 Gate Drive Protection

The gate driving protection circuits are placed on the IGBT driver board. It is achieved
by measuring the collector—emitter voltage of the IGBT when the IGBT is switched
on. If the current in the IGBT is too large, the large voltage drop will be measured
between the collector—emitter of the IGBT, and the gate drive is locked in this case.
This protection is normally integrated into the IGBT driving chips. Take HCPL-316J
as an example; the overcurrent protection circuits in the IGBT drive based on HCPL-
316 J is shown in Figure 14.26. When the DESAT pin of the HCPL-316 J is larger than
that for 7V, the gate drive signal will be forced to low voltage level (=9 V) and the
IGBT will be switched off. So, the DESAT is connected to the collector of the IGBT,
and two diodes with the forward voltage to be 1.7V is used to adjust the protection
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threshold to be 3.6 V. In this case, when the collector—emitter voltage of the IGBT
reaches 3.6V, the IGBT will be forced to turn off in order to prevent the overcurrent.

The dynamic response speed of the gate drive protection is fast, as it directly
measures the voltage and no signal transmission is needed. The protection can be
achieved within 10 ps.

14.8.3.2 Sampling Protection

The sampling protection is placed on the sampling circuits of the RSC. It uses the
measured three-phase current to achieve the protection. The sampled three-phase cur-
rent signal is used to compare it with the protection threshold. If one of the three-phase
currents is larger than the threshold, the IGBT driving signal is blocked and all the
IGBTs are switched-off. The schematic of the sampling protection on the RSC is
shown in Figure 14.27.

As shown in Figure 14.27, the phases A, B, and C current sampling signals
are compared with the threshold in three comparators, respectively. The output of the
three comparators are connected to an OR gate and then connected to an RS trigger.
So, if one of the three-phase currents exceeds the threshold, the output of the RS
trigger will be switched and it blocks the IGBTs. The IGBTs will remain blocked
until the fault is reset by the reset signal from the DSP controller.

The response speed of the sampling protection is smaller compared to the gate-
drive protection, as it needs to measure the current and the signals needed to go
through a few gate circuits. The response speed of the sampling protection is around
a few tens of microseconds, depending on the speed of the related gate drives.
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Figure 14.27 Sampling protection circuit used for overcurrent protection.
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14.8.3.3 Software Protection

The software protection is achieved by the DSP controller, the current signal in DSP
is compared with the threshold in software. If the current is too large, the DSP will
block the IGBTs. The response speed of the software controller is about one interrupt
cycle. So in this system, it is about 0.5 ms.

14.8.4 Overvoltage Protection of the System

The overvoltage protection in a DFIG system usually refers to the overvoltage pro-
tection of the DC bus. This function is achieved by software program—as the DC-bus
capacitance is very large, the DC voltage will not rise very fast, the response speed
of the software protection is fast enough.

14.9 SUMMARY

In this chapter, the designing and implementation of a reduced-scale 30 kW DFIG test
bench in the laboratory is introduced that includes the demands for the test system,
the structure, the hardware design, the control design, and also about how to realize
the control strategies. Additionally, information on how to test this system and keep
it running is also introduced. The communication and protection of the system are
introduced as well. We have also discussed the grid emulator. Through this chapter,
guidance and reference are provided to researchers who want to build a test system
in the lab and to verify their research on the DFIG system [7, 8].
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APPENDIX

A.1 FLUX EQUATIONS IN af REFERENCE FRAME

Stator flux in ABC reference frame and rotor flux in abc reference frame are as
follows:

v, = Ly, + Lsri: (A1)
v =L i +L,i (A2)

where Y= [Wsa Wb V/sc]T’ W: = [era lI/rrb w:c]T’ is = [im isb isc]T and
=1, o, "

_ 1 1 -
Lms + le _ELms _ELms
1 1
Ly = _ELms Ly + Ly _ELmS (A.3)
1 1
| _szs _ELms Lms + Lls_
_ 1 1 -
Lmr + Llr _ELmr _ELmr
1 1
er = _ELmr Lmr + Llr _ELmr (A.4)
1 1
| _ELmr _ELmr Lmr + Llr_
cos 6, cos (6, +120°) cos (6, — 120°)
L,=L" =L,|cos (6, —120°) cos 6, cos (6, +120°) | (A.5)
cos (9, + 120°) cos (Gr - 120°) cosf,

where L, is the mutual inductance of stator phase winding with maximum mutual
flux linkage, and L,,,. is the mutual inductance of rotor phase winding with maximum

mutual flux linkage. If we refer the rotor side variables to the stator side so that both
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stator windings and rotor windings have the same turns, then L, = L,,,. L;; and L,
are the leakage inductances of the stator and rotor windings, respectively.

By introducing the transformation from the ABC (abc) reference frame to the
complex plane, the above equation is rewritten as
[1 a &Lyl (A6)

2 2 .2
5[1 a a2]ws=§[1 a az]Lssts+§

The first term of the right side of equation (A.6) can be deducted as follows:

Lms + Lls _ELms _ELms
2 . 2 1 1 .
5 [1 a aZ] Lssls g [1 a a2] ELms Lms + Lls _ELms I
1 1
_ELms _ELms Lms + Lls
(A7)
213
= g[ELms'i_Lls <2Lms+Lls>a <2Lms+Lls>a2] I
3
= <§Lms +LIS) 3 [1 a (xz] lS
3 2
= (szs + Lls) I

where _i's is the complex vector in af frame transformed from vector i; in ABC frame,
ied, =21 a oli
The second term of the right side of equation (A.6) can be deducted as follows:

g[l a az]Lsri:

cosf,

cos (6, — 120°)
cos (6, +120°)

cos 6,
= %ng [1 a az] cos (9, - 120°)
cos (0, + 120°)
2 34 3 3 .
- ngS [-aﬂ- Sel'ra Eelg"az] i
=3 msefg 2 [ a az]if
= ELmseleflr

cos (6, +120°)
cos 6,
cos (6, — 120°)

cos (6, +120°)
cos 6,
cos (Gr - 120°)

cos (6, — 120°)_

cos (6, +120°)

cos 6,

cos (0, — 120°)_

cos (6, + 120°)

cos 6,

~.
<

r (A.8)

where i; is the complex vector in rotor af frame transformed from vector i in abc

frame on the rotor, i.e. i; = %[1

a

271
aJil.
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Besides following three relations are used in the above derivation:
cos (6,)
[1 a az] cos (0, - 120°)
cos (6, + 120°)

1/2 (e + ™)
=[1 « o]|1/2 (ej(B,—l200) +e—j(9,—1200)> (A.9)

1/2 (ej(0,+1200) " e—j(9,+1200)>
= % [eje’ (l + ae120° + azeﬂmo) + e (1 + a2’ + aze_jlzoo)]

= 3.0
2
cos (6, + 120%)
1 a o cos (0, N (A.10)
2
cos (6, — 120°)

cos (6, — 120°)

[1 a o|cos(0,+120°)|= azgejef (A.11)
cos (6,)
By using equations (A.7) and (A.8), equation (A.6) can be expressed as
N 3 - 3 0 2
7. = (5 - +L1S) i+ 3Ly (A.12)

By defining L,,, = %Lms, L, =L, + L;, the above equation can be simplified as
W, = L, + L, e (A.13)

Similarly, the rotor flux in the complex plane is derived:
@' =Lye i +L,i (A.14)

where L, =L, +L,,.

A.2 TYPICAL PARAMETERS OF A DFIG

Key parameters of a DFIG with four different power scale and voltage level are given
in Table A.1 as the examples. Here all rotor-side parameters have been referred to the
stator side with the same turns for both the stator and the rotor windings.
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TABLE A.1 Key parameters of the DFIG with different power scales

Rated power 1.5 MW 250 kW* 30 kW

Rated phase-to-phase voltage (rms) 690 V 400 V 380V
Stator resistance 2.139 mQ 20 mQ 92 mQ
Stator inductance 4.05 mH 4.4 mH 26.7 mH
Rotor resistance 2.139 mQ 20 mQ 56 mQ
Rotor inductance 4.09 mH 4.4 mH 26.2 mH
Mutual inductance 4.00 mH 4.2 mH 25.1 mH
Turns ratio 0.369 1 0.32

SkW*
380V
0.72Q
91.6 mH
0.75 Q
91.6 mH
85.6 mH
0.54

Generally speaking, DFIG machines with higher power ratings have smaller
stator resistance and rotor resistance in comparison to the lower power ones. Higher-
power-rated DFIG machines also have smaller mutual inductance between the stator

and rotor windings.
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crowbar model 310
crowbar resistance 430
current multiple-loop control
control effect 175, 179
control scheme 172, 178
control target 168, 176
controller design 182
dynamic performance 188
fifth-order harmonic loop 174
fundamental current loop 188
stability 188
system model 172, 179
current rating 421
current ripple 433

INDEX

DCbus 85
capacitance 148, 269-270
negative pole 86
positive pole 86
power 148
voltage fluctuation 148-149, 169
DC-bus voltage 308, 388, 397
rotor-side crowbar 365
three-phase fault voltage recovery
319
DC chopper 25
DC-link voltage, see DC-bus voltage
DC voltage fluctuation control
control model 272
control scheme 271
DC current calculation 270
modular design 269
demagnetizing current control
control scheme 350
controllable range 353
demagnetizing coefficient 349-350
limitation 352
DFIG system 397
DFIG test system
overcurrent protection 444
overvoltage protection 448
shutdown 444
starting sequence 441
direct bond copper (DBC) 392
distributed power generation 59
FRT ability 61
grid limitation 59
power control 60
dq rotating transformation 89
driving inverter 418419
duty cycle 88, 390
dynamic loss, see switching loss
dynamic model
converters 85
DFIG 80
balanced voltage dips 301
symmetrical voltage dip 300
rotor-side crowbar 366
dynamic performance 127-128
capacitor current control 270
feedforward control 360
multiple-loop control 188
resonant control 221, 230
SRF-PLL 344, 348
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dynamic performances, conventional current

control 214
dynamic response 52
current harmonics control 213
GSC 292
harmonic loop 183
sequence-separation method 346
dynamic thermal impedance 394

efficiency 40
electrical energy 6
electrolytic capacitor 260
core temperature 256, 267
lifetime 247
electromagnetic torque 28-29, 85,
162
flux linkage tracking control 357
fundamental fluctuation
components 243
recurring grid faults 325, 369, 374
second-order fluctuation 243, 249
electromagnetic torque fluctuations 309,
358, 374-375, 379
electromotive force (EMF) 304
rotor 68, 304, 333
stator 70
emergency supply equipment 57
energy crisis 3
energy storage systems 16
equivalent circuit 70
filter
L filter 87
LCL filter 92
DFIG
dynamic 80
steady-state 70
voltage dip  300-301
forced machine 301
natural machine 301

fault current 39, 316, 320

fault-detection algorithm 365

fault duration 52, 431

fault ride-through (FRT) 10, 18, 299
high voltage ride-through (HVRT) 55
low voltage ride-through (LVRT) 52
recurring fault ride-through 55

feedforward control 435
controllable range 361

feedforward term 360
scheme 361
filters
capacitance 433
inductor 389
low pass filter (LPF) 171
second-order Butterworth LPF
174
flux observer 350, 356, 360
flux trajectory 303
asymmetrical grid fault 303
symmetrical voltage dips 301
voltage recovery 317-318
Foster structure thermal model
395
frequency variation 47, 218, 437
FRT strategy 349
hardware solutions 364
improved control 348
recurring grid fault 372
fundamental frequency 85, 145, 198,
388

gearbox 6-7

generator 6-7

asynchronous 10

caged generator (CG) 7

doubly fed induction generator
(DFIG) 7,9

permanent magnet synchronous generator

(PMSG) 7

synchronous 10
greenhouse gas emissions 4
grid

frequency deviation 44

grid current  143-144

power factor 49

power quality 141

rated frequency 44

rated voltage 44

stability 48

voltage amplitude 314

voltage deviation 44
grid code 43

frequency range 45

harmonic current 58

harmonic voltage 40

islanding detection 62

voltage range 45



grid emulator 313,418, 431
DC-bus capacitance 434
filter inductance 433
switching devices 432
switching frequency 433

grid fault 25, 37, 44, 51
asymmetrical 37, 40, 302
fault angles 39, 328
first grid fault 322, 325, 328, 338,

369-370, 379

recurring grid fault 44
single-phase-ground fault 56
single-phase short circuit to earth 56
three-phase short circuit 56
two-phase short circuit 56

grid fault model 315

grid inductance 163

grid integration 11, 15

grid-side converter (GSC) 85
fundamental active power 246
second-order fluctuation active

power 246

voltage vector equation 244

grid synchronization
grid side converter 102, 129
rotor side converter 124

grid voltage 37
3rd-order harmonic 40, 141
11th grid harmonic 144
13th grid harmonic 144
amplitude 343
asymmetrical rate 57
d components 342
dip 313
negative fifth grid harmonic 143
negative-sequence 238, 302, 305, 343
phase angle 342-343
positive components 346
positive-sequence 238, 302, 343
positive seventh grid harmonic 143
q components 342
relationship 346
swells 55
THD 58
unbalanced 57
unbalance factor 255
vector trajectory 343
zero-sequence 237, 302

INDEX 457

grid voltage disturbance 143, 149, 155,
201, 273

hardware design

charging circuits 422

DC-bus capacitance 422

DC-bus voltage 422

filter inductance 422

grid emulator 431

IGBT chips 421

switching frequency 421
hardware protection 25
hardware solutions

DC chopper 367

rotor-side crowbar 364

series dynamic braking resistor 367
harmonic angular speed 167
harmonics distortion

active power 146, 156

DC-Bus voltage 147, 158

electromagnetic torque 158

frequency component 156

grid current 145

reactive power 147, 156

rotor current 152

stator current 154
HCPL-316] 445
high voltage ride-through (HVRT) 55
HVDC transmission 17
hydraulic system 57
hydropower 4

IEEE 1547 62

inductances

filter 89, 422

grid 163

leakage 68

magnetizing 70

mutual 68, 77

stray 270

inner current loop

GSC 113

rotor side converter 132
RSC
power-control mode 121
speed-control mode 125
starting mode 133

inrush current 9, 422
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installed capacity 59 negative-sequence flux 303, 307
isolated breakers 320 negative-sequence impedance 237
negative-sequence voltage 237
junction temperature 388, 392 non-hydropower renewable generation 4
fluctuation 395, 401, 407 non-ideal grid 51,418
grid-side converter 400 non-zero vector 388
LVRT 407 nonlinear load 40, 141

rotor-side converter 400
on-state loss, see conduction loss

lifetime on-time 388, 396
capacitor 248, 260 operating mode
capacitors 206 sub-synchronous 74
DFIG system 267 super-synchronous 74
estimated 267 synchronous 74
generation unit 11 outer voltage loop
models 407 GSC 111
power converters 412 RSC 133
power semiconductor 394 overcompensation 55
line impendence 37 overcurrent 52, 309, 348, 366
asymmetrical 40 overexcited current 409
line-side converter (LSC) 25 overexcited reactive power 409
loss dissipation 387, 392 overheating 40
loss model 387 overvoltage 52, 309, 348, 367
freewheeling diode 387
grid-side converter 390 PCC, see point of common coupling
IGBT 387 permanent magnets 24
rotor-side converter 390 phase angle 388
low-pass filters (LPF) 142, 280, 282 phase delay 111
second-order Butterworth 174 phase-locked loop (PLL) 102
low voltage ride-through (LVRT) 402 loop filter (LP) 102
phase detector (PD) 102
magnetic saturation 141 SRF-PLL 103
magnetizing current 136 voltage-controlled oscillator (VCO) 103
mean values 14 phase margin 188, 214, 219, 221
mechanical angular speed 8§, 68 phasor diagram 389
mechanical energy 6 rotor 391
mechanical power 73 stator 391
mechanical rotating speed 28 physical-meaning-based Cauer
mechanical stress 10, 22-23 structure 393
mechanical torque 28-29 PI controller
multicell converter 13 corner frequency 112
multiple-pole synchronous generators 7 transfer function 174
mutual inductance matrix 76 pitch angle 26-28

PLECS software 400
negative flux, asymmetrical grid faults 303  pneumatic system 57
negative-sequence 40, 312 point of common coupling 34, 37, 45
negative-sequence current 237 polynomial expression 388
negative-sequence dq frame 238 power control loop 198, 228, 379
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power converter 6-7, 387 rotor side converter 121
power density 392 reactive power support 32,44, 49, 52,371
power electronic converter 6 recurring grid faults 369
full-scale 24 asymmetrical 332
generator-side converter 25 durations 330
grid-side converter 23 first grid fault 321, 341
line-side converter 25 one-phase-to-ground 332
partial-scaled 23 second grid fault 330
rotor-side converter 23 reference frame
power flow 6 af 82,343
power loss 388 abc 76, 103, 172, 179, 354, 424, 449
grid-side converter 399 dq 82
LVRT 406 negative fifth-order 173
rotor-side converter 399 seventh-order 179
power quality 40, 141, 146 relationship 82
power scale 163 rejection capability 201
power semiconductor 14 reliability 11, 394
power semiconductor device 15, 387 renewable energy 3-4
IGBT modules 14-15 resistances
JFET 15 AC 89
Schottky barrier diode 15 breaker 367
SiC MOSFET 15 crowbar 312
power system 35 parasitic 75, 92
power system stabilizer (PSS) 51 rotor 68, 163
primary control 47 stator 68, 116, 163
primary voltage 34 thermal 394-395
protection resonant control
gate driving 445 closed-loop transfer function 215
response speed 447 control effect 201
sampling 447 control model 199
software 448 control scheme 198
pulse-width-modulation 10 control target 197
PWM pulses 108 design procedure 222
PWM waveform 85 dynamic performance 221
normal control loop 215
reactive control phase compensation methods 223
power factor control 49 Lead 224
Q Control 49 Lead-Lag 227
voltage control 49 phase margin 223
reactive current 366 stability 218
LVRT 403 static performance 215
recurring grid fault ride through resonant controller
375 crossover frequency 223
reactive current injection (RCI) 402 cut-off frequency 195
reactive power 32, 35, 44, 90, 144, 147, frequency response 196
156, 397, 408 gain  195-196
LVRT 404 mathematical model 195
reactive power control loop resonant frequency 195

grid side converter 107 transfer function 195
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reverse-recovery energy 388
rotational speed
rotor 26, 31, 68
stator flux 68
wind turbine 27
rotor 70, 163
rotor current 32, 70, 309, 357
first grid fault 325
LVRT 405
negative-sequence 312
recurring grid fault 371
rotor-side crowbar 365
second grid fault 326
rotor current control loop 198
rotor EMF 305, 318, 360
rotor equivalent circuit 359
rotor flux linkage
dq reference frame
356
flux linkage tracking control 356
rotor flux vector 76
rotor forced current 375
rotor natural current 307-308, 349
rotor natural voltage 311
rotor-side converter (RSC) 24, 85
rotor-side crowbar 25, 309, 429
DC-side resistor 365
DC switch 365
rectifier 365
three-phase resistor 365
three-phase switches 365
rotor speed 23, 29, 335
demagnetizing current control 353
feedforward control 361
rotor time constant 311
rotor voltage vector 76
RSC control mode
MPPT mode 124
power-control mode 99
speed-control mode 99
starting mode 128
switching 135

safety limit 378
safety operation area (SOA) 378
saw-tooth waveform 103
scheme

DFIG test system 420

grid emulator 431

series dynamic braking resistor 369
test bench 417
secondary voltage 34
second fault 371
second grid fault 375
serial port 440
short circuits 37
short-term energy storage 50
single-phase short-term interruption
(STI) 55
sinusoidal current 388
soft-start contactor 422
soft starter 9
soft-start resistors 422
soft-start sequence 425
space vector modulation 388
speed ratio  26-27
squirrel cage induction
generator(SCIG) 23
SRF-PLL
dynamic response 345
grid fault 342
LPF 345
sequence separation 345
time-delayed 345
stand-by mode 31
star configuration 68
static synchronized serious compensator
(SSSC) 369
stator active power 391
fundamental active power 241
second-order fluctuation component
241
stator breaker 136
stator current 307, 309
first grid fault 325
negative-sequence 312
recurring grid fault 371
stator current balancing control
control scheme 260
control targets 260
resonant controller 261

stator current harmonics control loop 198

stator flux 307
flux trajectory 303
flux vector 76, 300
rotational speed 68
stator forced flux 301, 357
stator natural flux 301, 357



stator negative flux 357
voltage dip 301
stator-forced flux
recurring grid faults 322
voltage recovery 315
stator natural current 333
stator natural flux 311, 369
asymmetrical fault recovery 320
asymmetrical grid faults 303
damping 363
demagnetizing current control 349
feedforward control 360
FRT 300
non-instant fault 315
recurring grid faults
379
symmetrical voltage dip 312
three-phase fault voltage
recovery 318-320
three-phase-to-ground fault
recovery 320
stator reactive power
fundamental 242
second-order fluctuation 242
stator time constant 54, 304, 311, 369, 373
demagnetizing current control 349
series dynamic braking resistor 368
stator voltage 307, 368
stator winding 67
sub-synchronous operation 389
sub-synchronous speed 312
super-synchronous operation 389
super-synchronous speed 123
superposition principle 144, 301
suppression effect 162
stator current 155
vector control 154
switch bridge 85
switching energy 388
switching frequency 164, 390-391, 397,
433
switching functions 88
switching loss  387-388
freewheeling diode 388
IGBT 388
switching period 388
switching period averaging 88
switching ripple current 267
symmetrical sequence 388

322,333, 371, 377,

INDEX 461

synchronous frequency 70
synchronous generators 36, 43
synchronous inertia 50

temperature level 393
terminal voltage
wind power system 37, 369
wind turbine 35
test bench 417
thermal capacitance 396
thermal coupling 393
thermal cycling 14, 411
long-term 395
short-term 395
thermal impedance
cooling method 394
dynamic 394
power module
TIM 394
thermal interface material (TIM) 392
thermal model 392
Foster structure 393, 395
power device 393
thermal performance 392
thermal resistance 396
steady-state 394
thermal stress 387, 392, 412
thermal time constant 394
three-phase sources 85
thyristor 9
time-varying system 75
tip speed ratio 31
torque 23
torque fluctuations 152, 325
total harmonic distortion (THD) 141
transfer function 153
closed-loop 110, 120, 132
open-loop 110-111, 132, 152
transformer 6-7
transient current 362
feedforward control 360
recurring grid fault 369
rotor-side crowbar 365
series dynamic braking resistor
(SDBR) 368
turbine rotor radius 26
turbine torque 28
turn-off energy 388
turn-off loss 398

393-394
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turn-on energy 388
turn-on loss 398
turns ratio 205
two-level 10

unbalanced grid voltage 40, 57, 237
control limitations 249-250, 253
DC-bus current 246
DC-bus voltage 247
electromagnetic torque 243
grid current 244
GSC active power 246
negative effects 248
negative-sequence 237
positive-sequence 237
rotor current 239
stator active power 241
stator current 240
stator reactive power 241
zero-sequence 237

unit quantity 94

up-level control 439

vector control 141, 143-144, 307,
371
voltage dip 51
active current 54
active power restoration speed 55
asymmetrical 305
balanced voltage dips 301
generator 313
level 301
non-instant 313
reactive current 54
recovery 54-55, 315
response time 54
serious dips 309
single-phase 238
small dips 308
symmetrical 52, 300-301
tolerance 52
transient time 313
two-phase 238
unbalanced 57, 260
voltage dip level 52, 308, 319
first grid fault 323, 326, 333
recurring grid fault 371
second grid fault 326
voltage drop 388

voltage rating 15

voltage recovery, recurring grid fault
voltage recovery time 37
voltage-source-converter 10

wind energy 4, 6
wind farm 17, 34
wind power generation system 7, 21
wind power installation 4
wind power penetration 44
wind power plants 16, 46
wind power system 5, 21
capacity 12
copper loss 72
cost 11
equivalent dynamic circuit 83
levelized cost of energy(LCOE) 11
lifetime 11
mechanical power 73
model
af 77
abc 75
dq 81
relationship 82
reliability 13
rotor current 70
rotor power 72
rotor reactive power 72
rotor voltage 70
rotor winding 67
slip ratio 72
stability 44
stator power 72
stator reactive power 73
steady-state equivalent circuit 68
steady-state model 67
wind speed 14, 26-27, 31
wind turbine 7, 26
cut-In speed 31
cut-off speed 31
fixed-speed 21,23
horizontal 6
nacelle 6, 394
rotational speed 31
shaft 6
structure 6
variable-speed 22-23, 26
wind turbine system 6
wind turbine system (WTS) 6



wind turbine system
control scheme 29
fixed-speed 7
Maximum power point tracking
(MPPT) 31
variable-speed 8
wind turbine model 26

INDEX

winding ratio 409
WPP, see wind power plants
WPS, see wind power system

Y connection 75

zero-vector 388
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