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ABSTRACT

A review of the latest international grid codes shows that large wind power plants are
stipulated to not only ride-through various fault conditions, but also exhibit adequate
active and reactive power responses during the fault period in order to support the
network stability. In particular, modern grid codes require wind power plants to: (1)
ride-through various voltage sag and swell conditions, (2) inject reactive current into
the grid during the fault period, and (3) attain swift active power restoration after the
fault clearance. This thesis proposes a transient control scheme for DFIG-based
wind power plants to comply with these requirements.

In the first part of this thesis, the latest regulations enforced on large wind power
plants are studied and compared. This study identifies the most stringent regulations
defined by the international grid codes, to be further investigated in the following
chapters. In the second part of this thesis, extensive simulation studies are carried out
to examine the transient response of DFIG-based wind turbines under various
symmetrical and asymmetrical fault conditions. Supplementary theoretical analyses
are also presented to justify the observations made in the time-domain simulations
results. For the first time, the impacts of phase-angle jump, voltage recovery process
and sag parameters on the DFIG response are explored. The results of this study can
assist researcher to identify the difficulties that hinder successful fault ride-through

response of DFIG-based wind turbines, as requested by the international grid codes.

In the third part of the thesis, an enhanced hysteresis-based current regulator
(referred to as VBHCR) is proposed to be implemented in the rotor-side and grid-
side converters of DFIG-based wind turbines. The main advantages of this current
regulator are very fast transient response, simple control structure and insensitivity to
the machine parameters variations. Simulation results show that on one hand the
VBHCR has very good steady-state performance and on the other hand, it presents
very fast/robust tracking response. Therefore, the DFIG equipped the proposed
current regulator can fulfill the most stringent low-voltage ride-through requirements
imposed by the international grid codes, i.e., those stipulated by the Australian grid

code. In the fourth part of the thesis, a new hybrid current control scheme is



introduced to enhance both low and high voltage ride-through capabilities of DFIG-
based wind turbines. The proposed control scheme uses the standard Pl current
regulators under steady-state conditions but upon a voltage sag or swell occurrence,
the supervisory control unit transfers the switching strategy of the rotor-side and
grid-side converters to the hysteresis-based method. The VBHCR remains in action
until the oscillation in the rotor current and dc-link voltage of DFIG suppress below
the safety limit and then, the Pl current regulator are activated through a re-

initialization process.

Finally, the conventional vector control scheme of DFIG-based wind power plants is
modified to fulfill the regulations imposed on the active and reactive power
responses of wind farms subject to various faults. New design strategies are
suggested and their corresponding P-Q capability curves are thoroughly studied.
Simulations results show that the proposed control scheme can meet the Australian
regulations as the most demanding grid code. The best design strategy, with
enhanced active and reactive power responses, permits the rotor-side and grid-side
converters of DFIG to be temporarily overloaded during the fault period and also
exploits the free capacity of the GSC to inject further reactive power to the grid. As a
result, the active power generation of DFIG-based wind power plant can be retained
during the fault period while its reactive power injection capacity of DFIG is also

increased to further support the grid.
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Chapter 1. Introduction

1.1 STATEMENT OF THE PROBLEM

In the last decade there has been growing public opposition toward the installation of
conventional electricity generation systems due to their huge CO, emissions,
contributing to the global warming problems. Moreover, fossil energy resources are
very limited while the global energy demand is expected to tremendously increase in
the near future, especially in newly industrializing countries such as China and India.
Owing to these facts, the global energy market has recently witnessed an increasing
tendency for the integration of renewable energy resources into the electrical
networks. Among different sources of renewable energy, wind power has proven as
the most dominant option due to its mature technology, reduced costs and minimal

environmental impacts.

Renewable energy resources, including wind power, are naturally intermittent and
fluctuating. Therefore, their steady state and transient responses in the power systems
are different to those of the conventional power generation systems. In the past, the
penetration levels of wind power in electric networks were extremely small as
compared to the conventional generation units; hence, grid connection requirements
for wind power plants were not included in the international grid codes. However, as
wind power penetration started to reach to a significantly high level in many
countries such as Denmark, Germany and Spain, the impacts of WPPs on the existing
power system became more crucial and TSOs had to redefine their grid codes and
impose more stringent regulations on large WPPs [1].

In modern grid codes, WPPs are requested to not only remain connected to the power
network under various types of grid disturbances, but also contribute to the network
stability support as do conventional generation units. That is, recent international grid
codes stipulate WPPs to act as active components in the grid and take over the
control tasks that are traditionally assigned to conventional power plants [1]-[4]. A
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review of the international grid codes shows that large WPPs are nowadays required
to (1) ride-through various types of voltage sag and swell conditions, (2) provide
reactive power support during the fault period, and (3) swiftly restore their active

power production after the fault clearance.

This thesis proposes an enhanced control scheme for DFIG-based WPPs to comply
with the most stringent regulations enforced by the international grid codes. The
variable-speed DFIG technology is selected because it is the most dominated and
well-recognized technology employed around [1]. The key contribution of this study
is an integrated control and protection scheme that can fulfil all regulations imposed
on the transient response of large WPPs, whereas previous studies have focused
individually on the low and high voltage ride-through response of DFIG, its reactive

power support capability or its active power control.

1.2 LITERATURE REVIEW

In this section, a comprehensive literature review is carried out to (1) evaluate
different control schemes adopted for DFIG-based WTs, (2) study the transient
response of DFIG-based WTs under various fault conditions, (3) examine different
approaches proposed to enhance LVRT and HVRT capabilities of DFIG-based WTSs,
and (4) investigate active and reactive power response of DFIG-based WPPs in
compliance with the international grid code regulations.

121 Control schemes for DFI1G-based WTs

Field-oriented vector control schemes, using rotational transformations and linear Pl
controllers, is the most popular control technique used in DFIG-based WTs [5]-[8].
In this double-closed-loop approach, the outer power control loop is employed to
attain an independent control over the active and reactive power outputs of the
machine. In cascade, synchronous-frame PI current regulators are used to control the
output current of the RSC and GSC [5].

However, there are two main drawbacks associated with implementing standard Pl
current regulators in the vector control of DFIG-based WTs: the discrete operation of
the converters is not taken into account and the DFIG is modelled as a linear time-
invariant system. Based on these simplifying assumptions, the gains of PI
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compensators are tuned using the small signal analysis of the nonlinear equations
describing the DFIG behaviour [9]-[10]. Therefore, the system formulation is only
valid around a specific operating point and it will deviate if the operating point of the
system changes largely. This will lead to the non-optimal response of the overall
control scheme for a wide operation range. This problem is especially pertinent to
wind generator applications where the machine is required to properly function at the
operating points largely deviated from the nominal condition, e.g., voltage sag or
swell conditions requested in modern grid codes. Hence, the gains of the PI
compensators must be carefully tuned with a trade-off between maintaining the
system stability over the whole operation range and achieving adequate dynamic
response under transient conditions. This will noticeably degrade the transient
performance of the overall vector control scheme and jeopardize the stability of the
controller under changing operation conditions.

Nonlinear control approaches, such as direct torque/power control methods
(DTC/DPC), are proposed to address the above-mentioned problems [11]-[13]. In
these techniques, the current control loop is eliminated and the control signal is
directly selected from a lock-up table, aimed to control both active and reactive
powers during one sample time. The main advantages of DTC/DPC methods are
their enhanced transient response, minimum use of the machine parameters, and non-
complex control structure. However, there is always a significant torque/power ripple
due to the high bandwidth of the controller, the switching frequency of converters
varies depending on the operating conditions, and the controller performance may
deteriorate during the machine starting and low speed operations. Modified methods
have been proposed to overcome these problems [14]-[16], but extra drawbacks were
introduced, such as the inclusion of additional PI controllers [14], reduced robustness
to the machine parameters variations [14]-[15], and complex online calculation

requirements [16].

Based on the same principle used in DTC/DPC, Xu et al. have suggested replacing
the conventional PI current regulator with a non-linear predictive current regulator
[19]. This method is fully compatible with digital control platforms and shows very
fast transient response and excellent robustness under various operation conditions.

However, its performance depends on the accurate estimation of the machine
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parameters and it suffers from a complex control structure.

Other nonlinear current controllers are recently proposed in the literature [17]-[18].
Barros et al. suggested a new control strategy based on the system states optimal
feedback [17]. The proposed strategy includes the nonlinear rotor current control and
provides a methodology to compute the controller parameters. Simulation results are
presented to compare the transient performance of the proposed control scheme with
the standard PI current regulators. It is shown that not only are the rotor current
overshoots reduced significantly, but also faster damping of the terminal voltage
oscillations can be achieved. The main drawback of the proposed control strategy is
that the control design process involves trial and error in order to select the value of
the linearlized system parameters. As a result, there is no systematic approach to

assure that the most optimal control tuning is achieved.

Finally in [18], the conventional indirect current-mode controller (CMC) in the RSC
is replaced with a novel direct CMC. Simulation results show that the proposed
current regulator improves the tracking capability of the rotor-side controller, which,
in turn, enhances the LVRT capability of the DFIG-based WTs. The proposed
method proves to be very effective under both systematically and asymmetrical
faults; however, it increase the complexity of the control scheme as it combines
positive and negative sequences controllers to manage the machine during unbalance

faults.

1.2.2  Transient response of DFIG under fault conditions

The transient response of DFIG-based WTs under various fault conditions has been
investigated in [20]-[41]. Initial works were mainly aimed to develop reduced-order
models for DFIG-based WTs in dynamic and stability studies [20]-[25]. This type of
model is restricted to the fundamental frequency response of the DFIG under three-
phase faults. However, it was shown that asymmetrical faults (e.g., phase-to-phase
faults) are more likely to occur and have more detrimental impacts on DFIGs [27]-
[29]. Therefore, recent works focused on the detailed transient response and LVRT
capability of DFIG-based WTs under asymmetrical sag conditions [30]-[41]. The
main shortcoming is that most of the reported studies examine very limited sag

conditions, which cannot adequately represent the broad range of LVRT regulations
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specified in international grid codes. The gap becomes even more evident in [38]
where simulation studies are carried out for the voltage sag conditions that cannot be
practically experienced at the DFIG terminals. Moreover, it is known that not only
the magnitude of the voltage but also its phase-angle can be affected by faults in the
grid. This issue is especially crucial for wind farms directly connected to the
distribution systems or offshore wind farms with AC submarine cables [42].
Detrimental impacts of this phenomenon, referred to as “phase-angle jump”, on the
operation of DFIG-based WPPs have not been explored in the literature. These
shortcomings are briefly discussed in [42], but no theoretical or simulation studies
were presented to support the work. Finally, the effect of voltage recovery process

and sag parameters on DFIG-based WTs are not addressed in the literature.

1.2.3 LVRT and HVRT capabilities of DFIG-based WTs

Voltage sag have been reported as the most common power quality disturbance
experienced in industrial power systems and for this reason, the LVRT requirements
are included in the majority of grid codes around the world [3]. Therefore, extensive
research has been so far conducted on the LVRT capability enhancement of DFIG-
based WTs [20]-[42]. On the contrary, the HVRT behaviour of DFIG-based WTs is

an emerging issue that has not been adequately explored in the literature [43].

The early researches on the voltage sag behaviour of DFIG-based WTs identified
two major problems that need close attention: (1) overcurrents in the rotor winding
and (2) overvoltages in the dc-link capacitor [27]-[29]. The initial solution to protect
the RSC from destructive overcurrents was to place short-circuit at the rotor slip ring
terminals via the so called crowbars and then, disconnect the DFIG form the grid
[20]-[21]. This solution was only acceptable when the wind power constituted an
insignificant part of the system generation. Therefore, other approaches have been

recently proposed to increase the LVRT capacity of DFIGs.

The LVRT strategies proposed in the literature can be divided into three main
categories: (1) placing active crowbars at the RSC terminals [24]-[26], (2) installing
additional converters/dynamic resistors in the DFIG structure [30]-[33], and (3)
modifying the conventional control schemes [34]-[40]. Active crowbars have proven

to be effective under balanced fault conditions, but they cannot assist the DFIG to
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ride-through deep asymmetrical sags such as those observed under phase-to-phase
faults. The second approach can improve the LVRT capability of DFIG-based WTs
under various sag conditions, but increases the overall cost and complexity of the
system. Finally, modified control schemes were proposed as the most successful
LVRT strategy. These control techniques are typically structured in two main steps:
decomposition of the voltage/current signals into the symmetrical components and
regulation of the rotor current in two opposite rotating frames, using dual PI current
regulators [36]-[40]. However, it is shown that these control schemes have very
limited control bandwidth and suffer from stability problems (mainly due to the
sluggish transient response of PI current regulators) [19],[39]. This will result in
degraded transient response of DFIG under voltage sag conditions and as a result,

strict LVRT regulations cannot be fulfilled.

In [41], the issue of overvoltage in the dc-link capacitor of DFIG-based WTs is
addressed by adopting a modified control scheme in the GSC. The proposed GSC
control loop includes a feedback from the instantaneous rotor power, but still uses
the standard P1 current controllers. Therefore, it suffers from the sluggish transient

response and limited LVRT capability similar to [36] and [37].

1.2.4  Reactive power control of DFIG during faults

Modern grid codes stipulate WPPs to contribute to the network stability support as
do conventional generation units. That is, WPPs must be able to inject reactive
current during the fault period in order to enhance the voltage stability limits of the
network. Also, the active power generation of the WPP must swiftly restore to the
prefault value after the fault clearance in order to assist the short-term frequency
stability of the system. There have been only a few papers published on these issues

and there are still some gaps and ambiguities.

In [44] and [45], dynamic simulation studies are conducted to illustrate the voltage
control action of DFIG-based WTs under small disturbances. However, the GSC
operation is not taken into account and the system response to large disturbance (e.g.,
short-circuit faults) is not investigated. In [46], the GSC control scheme is modified
to attain different voltage control objectives, but the reactive power capability of the

stator winding is neglected. In [47], coordinated control of the RSC and GSC is
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proposed to fully exploit the reactive power control capability of DFIG-based WTSs.
The voltage control responses under varying wind speed and large disturbances are
also studied. However, this study assumes that the DFIG-based WPP can
successfully ride-through fault conditions and provide the reactive power support for
the post-fault period. The validity of this assumption cannot be guaranteed under
severe fault conditions. Finally in [48], a modified control scheme is presented to
utilize the free capacity of the RSC for reactive power generation/absorption when
the WPP works below the maximum wind speed. It is shown that the proposed
control approach can help the system operation under various operating conditions.
However, the DFIG response during fault period is neglected and it is presumed that
the WPP can rid- through severe sag conditions. Similar shortcomings are observed
in the works that are reported on the active power response of DFIG-based WPPs
[49]-[51].

1.3 RESEARCH OBJECTIVES

The ultimate objective of this research is to develop an enhanced transient control
scheme for DFIG-based WPPs to fulfil the international grid code requirements. In
particular, the DFIG-based WPP must ride-through various voltage sag and swell
conditions, provide reactive power support during the fault period, and exhibit fast
active power restoration after the fault clearance. Accordingly, the objectives of this

thesis can be summarized as follows:

1- compare the latest versions of international grid codes in order to identify the
most stringent regulations enforced on large WPPs.

2- study the transient response of DFIG-based WTs under various fault
conditions. It will help researchers to identify the difficulties that hinder
successful LVRT response of DFIG-based WTs under various symmetrical
and asymmetrical voltage sags, considering phase-angle jump, voltage
recovery and sag parameters.

3- replace the standard PI current regulators in the RSC and GSC of DFIG-
based WTs with new variable-band vector-based hysteresis current

regulators. The steady-state and transient performances of the proposed
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current regulator must be examined according to the IEEE limits and
operating constraints of the semi-conductor switches used in the converters.

4- proposes a novel hybrid current control scheme that integrates the optimal
steady-state performance of Pl current regulators and very fast transient
response of the proposed hysteresis-based current regulator under various
voltage sag and swell conditions.

5- test the low and high voltage ride-through capabilities of DFIG-based WTs
with the proposed current control schemes, under the most stringent LVRT
and HVRT regulations outlined in the international grid codes.

6- modify and improve the conventional control scheme of DFIG-based WPPs
in compliance with the reactive power support and active power recovery

regulations requested in the international grid codes.

1.4 THESIS STRUCTURE

This thesis includes seven chapters. Chapter 2 presents a comparative study on the
latest international grid code regulations imposed on large WPPs. This study
concentrates mainly on the transient response requirements stipulated by the
international TSOs, namely LVRT and HVRT curves, reactive current injection and
active power restoration. Chapter 2 identifies the most stringent regulations defined
by international grid codes that will be examined in later chapters through extensive

simulations.

Chapter 3 examine the transient response of DFIG-based WTs under various
symmetrical and asymmetrical voltage sags. Detrimental impacts of phase-angle
jump are investigated through theoretical analysis as well as time-domain simulation
studies. Also, the operational constraints of circuit breakers and their impacts on the
voltage sag recovery process are studied. Finally, the influences of voltage sag
parameters on the transient response of DFIG-based WTs are examined. In Chapter
3, the main difficulties associated with successful LVRT response of DFIG are

identified to be tackled in the following chapters.

In Chapter 4, an enhanced hysteresis-based current regulator is proposed for
implementation in the RSC and GSC of DFIG-based WTs. The operating principles
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of the proposed VBHCR are thoroughly investigated, followed by exploring its
control structure. Finally, extensive time-domain simulation studies are conducted to
evaluate its steady-state and transient performances. It is shown that the proposed

VBHCR can fulfil the LVRT requirements outlined in the Australian grid code.

In Chapter 5, a novel hybrid current control scheme is proposed to enhance the
LVRT and HVRT capabilities of DFIG-based WTs in compliance with the
international grid codes. The proposed hybrid current controller uses the PI current
controller under normal operating conditions and VBHCRs for protecting DFIG
under fault conditions. Simulations results show that the proposed hybrid current
controller can fulfil the LVRT and HVRT requirements outlined in the Spanish and

Australian grid codes, respectively.

Chapter 6 presents modified control schemes for DFIG-based WPPs to provide the
reactive power support and active power restoration stipulated by the international
grid codes. Different design strategies are proposed to enhance the P-Q response of
DFIG under various fault conditions. Extensive simulation studies are also carried
out to illustrate the WPP response according to the Australian grid code and its

positive impacts on the nearby grid.

Finally, conclusions and proposals for future research are presented in Chapter 7.
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Chapter 2. Comparison of the international grid codes

for large wind power plants

2.1 INTRODUCTION

Grid codes are defined by network operators to outline rights and responsibilities of
all generation units/consumers connected to the transmission system. In the past,
grid codes did not include any regulations for large WPPs because the penetration
level of wind power was extremely small compared to conventional generation
systems. However, the situation has radically changed in the last decade as many
countries witnessed a tremendous increase in the number and capacity of WPPs
integrated into their electric networks. The shift from conventional to the renewable
energy resources raised serious stability concerns regarding the impacts of large
WPPs, as intermittent generation units, on the operation of existing power networks.
To safeguard the system against these problems, network operators around the world
have recently defined stringent technical requirements for large wind farms that seek
connection to their transmission systems. Modern grid codes require WPPs to not
only withstand various grid disturbances, but also participate in the ancillary service
provision and contribute to the network stability support as do conventional
generation units. If wind generation cannot provide appropriate network support,
then as the proportion of conventional and wind generation varies, changes produced
in the operating characteristics of the network will make it increasingly difficult for
the system operators to provide the required level of security and efficiency [49].

This chapter presents a comprehensive study on the international gird code

regulations defined for large WPPs, covering grid codes of Australia (AEMC),
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Denmark (Energinet), Canada (Hydro Quebec), Germany (E.ON Netz), Ireland
(Eirgrid), New Zealand (Transpower), Spain (REE), UK (NGET) and USA (FERC
and WECC). The presented study will assist wind turbine manufacturers to identify
the most stringent regulations defined in the international grid codes. It also helps
TSOs to compare their existing regulations with those of other countries or establish

their statutory regulations for the first time.

This chapter is organized as follows. A brief review of the current global wind power
capacity, specifically in Australia, is presented in section 2.2. Section 2.3 explores
the most common regulations included in majority of international grid codes,
namely LVRT and HVRT requirements, active and reactive power responses during
and after faults, extended range of frequency variations, active power control
(frequency regulation), and reactive power control (voltage regulation). Section 2.4
compares international grid codes and section 2.5 presents a discussion on the global
harmonization of grid codes as well as future trends of the regulations.

2.2 CURRENT GLOBAL WIND POWER CAPACITY

During the last decade, the global energy market has witnessed a large increase in the
number and capacity of WPP installed around the world. Figure 2-1 shows the
cumulative global installed wind power capacity from 2001 to 2010. It can be seen
that the wind power capacity has doubled every three years and is projected to
exceed 203 GW by the end of 2010 [52].

Table 2-1 shows the continental share of the wind power capacity in 2009. Europe’s
share accounts for 47.9% of the global capacity while Asia and North America each
accommodates around 25% of the global wind power capacity. Third place belongs
to Australia/Pacific with 1.5% of the global share, but Asia has had the largest
continental growth rate in 2009, equal to 40.4% of the global new installation. It is
followed by North America and Europe that had 28.4% and 27.3% of the global new
capacity, respectively. Table 2-2 presents the latest statistics on the wind power
capacity for different countries. It can be seen that at the end of 2009, USA had the
largest installed wind power capacity equal to 35.16 GW, followed by China and
Germany with the wind capacity of 26.0 and 25.77 GW, respectively. The next

places belonged to Spain, India, Italy, France, UK, Portugal and Denmark,
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respectively. However, the largest annual capacity growth was observed in China and
USA, with the new capacity of 13,800 MW and 9,922 MW, respectively.
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Figure 2-1 Global installed wind power capacity from 2001 to 2010.

Table 2-1 Continental share of the global wind power capacity at the end of 2009 [12].

Continent Global share rier\]/srgaipnagi]ti/
Europe 47.9% 27.3%
Asia 25.1% 40.4%
North America 24.2% 28.4%
Australia/Pacific 1.5% 1.4%
Latin America 0.9% 1.9%
Africa 0.5% 0.4%

Table 2-2 Wind power capacity for different countries in 2009 [12].

Country USA | China | Germany | Spain | India

Total capacity [MW] | 35,159 | 26,010 | 25,777 | 19,140 | 10,925
New in 2009 [MW] | 9,922 | 13,800 | 1,880 2,454 | 1,338
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2.2.1  Wind power capacity in Australia

Australia is blessed with one of the best wind resources in the world, namely Forties
Winds in Southern Australia. This country has recently experienced a considerable
increase in the integration level of wind power into its power system. Figure 2-2
shows the cumulative installed wind power capacity in Australia for the last decade,
increased from 32 MW in 2000 to 2,019 MW in 2010 [52]. According to the IEA,
Australia had 51 wind farms with a total operating wind capacity of 1,712 MW at the
end of 2009, supplying 1.6% of its national electric demand (equal to 4,284 GWh).
The Australian wind power capacity is installed in all seven states of the country, but
South Australia has the largest contribution of more than 43% of the national wind
power (see Figure 2-3). In 2009, four projects were commissioned, adding 406 MW
new wind power capacity to the Australian electricity grid. Another nine projects are
currently under construction and are expected to add an additional 772 MW within
the next few years. Also, a further 12,000 MW of wind projects are either in the
evaluation phase or undergoing the development approval process. This upwards is
expected to continue in the future in view of the fact that the Australian parliament
has just passed the expanded Renewable Energy Target scheme, which mandates the
country to source 20% of its electricity supply from renewable energy by 2020. This
target is four times of the previous target introduced in 2001. South Australian has
set even more ambitious renewable energy target of 33% by 2020 [54].
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Figure 2-2 Installed wind power capacity in Australia from 2001 to 2010.
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Figure 2-3 Wind power capacity in different states of Australia at the end of 2009.

2.3 REVIEW OF THE GRID CONNECTION REQUIREMENTS

The connection requirements for large WPPs vary from one country to another
depending on the installed wind power level, robustness on the existing network,
local utility practises, and government policies towards renewable energy resources.
However, a review of the international grid codes shows that the technical

requirements specified for large wind farms are largely classified in five groups

low and high voltage ride-through curves;
active and reactive power responses following faults;
extended variation range for the supply frequency;

active power control or frequency regulation facility;

o ~ w0 N

reactive power control or voltage regulation capability.

When a fault occurs at some points in the electric network, the voltage drops to the
lower levels until the protection devices detect the faulty area and isolate it from the
rest of the network. During this interval, wind farms, like other system components,
experience a voltage sag condition at their terminals, depending on the type and
location of the fault. As a result of this disturbance, wind generators (specifically
those using modern variable-speed technologies) may disconnect from the grid due

to severe stability problems. A practical example of this incident was reported in the
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European outage on 4 November 2006, which caused losing 4,892 MW of wind

power generation in Western-Europe [55].

The disconnection of WPPs under voltage disturbances is not acceptable when wind
power constitutes a significant part of the total network generation. Thus, modern
grid codes require large wind farms to continue their uninterrupted operation under
various fault conditions, according to given voltage-time profiles. Such requirements
are usually referred to as low voltage ride-through (LVRT) regulations. Figure 2-4
shows a practical example of LVRT profile defined by the Spanish TSO (REE) for
wind generators connected to the transmission system: “a wind power plant shall
remain connected to the transmission system under the fault conditions when the
voltage measured at the HV terminals of the grid connected transformer (at the PCC)
remains above the dashed line for two-phase faults and above the solid line for other

types of faults” [56].
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Figure 2-4 Spanish LVRT requirement.

In very recent years, grid codes of countries like Australia and Spain have become
even more stringent and defined similar voltage-time profiles for voltage swell
conditions. Supply voltage rise can be caused by switching off large loads,
energizing capacitor banks, or faults in the transmission system. This requirement is
referred to as high voltage ride-through (HVRT) regulations. As a practical instance,
the Australian HVRT curve is shown in Figure 2-5, which requires WPPs to
withstand voltage swell of 1.3 PU for 0.07 s [57]. Modern grid codes also stipulate
WPPs to withstand large frequency excursions that can occur under grid disturbances

with large mismatch between the generation and consumption.
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Figure 2-5 Australian HVRT requirement.

In addition to LVRT and HVRT regulations, new grid codes require reactive power
injection from WPPs during the fault period and fast active power restoration after
the fault clearance. These regulations are imposed by TSOs to exploit the control
capability of modern wind farms in the provision of system stability support during
and shortly after the grid disturbances. For example, German TSO (E.ON Netz)
requests wind farms to support the transient voltage stability through providing the
reactive current according to the characteristic shown in Figure 2-6: “as the PCC
voltage exceeds 10% dead-band around the nominal value, the reactive current
output from the WPP must increase by 2% (on a PU base) for each 1% drop in the
supply voltage, within 20 ms after the fault detection”. Australian TSO has imposed
more demanding regulations on the reactive current injection. This grid code also
requires active power restoration to 95% of the pre-fault value within 100 ms after

the supply voltage recovery.

1 I/1, [pu]

Figure 2-6 German reactive power injection requirement.
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Apart from the regulations on the transient response of large wind farms to different
voltage disturbances, TSOs usually require WPPs to actively participate in the
ancillary service provision. In particular, wind farms must be able to control their
active power output and thereby, contribute to the short- and long-term frequency
supports. A typical power-frequency response curve (requested by the Irish grid
code) is shown in Figure 2-7. Similarly, WPPs must be able to provide reactive
power support through contentiously working at a wide range of capacitive/inductive
power factor. Figure 2-8 shows typical regulation on the power factor control,
defined by German TSO for offshore wind farms.
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Figure 2-7 Irish active power regulation curve.
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Figure 2-8 German reactive power regulation curve.
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2.4 COMPARISON OF THE INTERNATIONAL GRID CODES
2.4.1 LVRT requirement

The LVRT curves defined in international grid codes are relatively similar to the
profile shown in Figure 2-4, although their quantitative characteristics may vary
between different system operators. From Figure 2-4, it can be seen that the Spanish
grid code requires wind farms to withstand three-phase and single-phase faults with
voltage drop down to 0.2 PU for 0.5 s, followed by the linear voltage restoration to
0.8 PU during the next 0.5 s. For two-phase faults, on the other hand, continuous
operation of WPPs are requested for voltage sags with the retained voltage of 0.6 PU
and the maximum duration of 0.8 s. Danish grid code has enforced more stringent
LVRT regulations and requires WPPs to ride-through symmetrical and asymmetrical
sags with the voltage down to zero for 150 ms, followed the voltage restoration to 0.9
PU in 1.5 s. According to Australian regulations, wind farm must remain connected
under symmetrical and asymmetrical sags with the voltage drop to zero for 140 ms
and 400 ms, respectively. The supply voltage must then restore to 0.7 PU in 2 s and
0.8 PU in 10 s. The German grid code has defined no regulations for asymmetrical
faults, but requires ride-through capability for three-phase faults with voltage drop to
zero for the maximum duration of 150 ms, followed by the voltage recovery to 0.8
PU in 1.5 s. The older version of the German LVRT curve is now adopted by FREC
(USA) and Erigrid (Ireland). This curve has the minimum voltage of 0.15 PU for
0.625 s and voltage recovery period of 3 s. The parameters of LVRT profiles defined

in other grid codes are summarized in Table 2-3.

From Table 2-3, it can be seen that the most stringent LVRT regulations are requested
by the Australian grid code, which requires continues operation of WPPs under
asymmetrical sags with the voltage down to zero for 400 ms. For symmetrical sags,
on the other hand, the grid codes of Australia, Canada, Denmark, Germany, New
Zealand and USA (WECC) have similar regulations. Finally, it is worth noting that if
the typical impedance values for the step-up transformers and interconnecting lines
inside the wind farms are taken into account, the minimum voltage sag at the
terminals of wind generators are very likely to be above 0.15 PU [6]. This will
obviously facilitate compliance with the LVRT regulations as the voltage at the WT

terminals will be higher than the PCC.
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Table 2-3 LVRT requirements outlined in the international grid codes.
During fault Fault clearance
Grid code country
Vinin [PU] | Trnax [S] | Vimin [PU] | Timax [S]
Australia 0.0 0.4 0.7 2
Canada 0.0 0.15 0.75 2
Denmark 0.0 0.15 0.6 0.7
Germany 0.0 0.15 0.9 15
Ireland 0.15 0.625 0.9 3
New Zealand 0 0.2 0.9 1
Spain 0.2 0.5 0.8 1
UK 0.15 0.14 0.8 12
USA (FERC) 0.15 0.625 0.9 3
USA (WECC) 0.0 0.15 0.9 15

2.4.2 HVRT requirement

HVRT is a new requirement that has been included in the grid codes of Australia,
Denmark, Spain, Germany and USA. The Australian grid code presents a HVRT
characteristic curve (shown in Figure 2-5), whereas the HVRT requirements for other
grid codes are only defined quantitatively. Table 2-4 compares the HVRT
requirements of different grid codes. It is evident that the Australian and Spanish grid
codes have the most demanding HVRT regulations, stipulating WPPs to withstand

voltage swell of 1.3 PU.

Table 2-4 HVRT requirements in international grid codes.
During swell
Country
Vinax [PU] | Trax [8]

Australia 13 0.07

Denmark 1.2 0.2

Germany 1.2 0.1

Spain 1.3 0.25
USA (WECC) | 1.2 1
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24.3 Regulations on the P-Q response of WPPs following faults

In countries with significant penetration level of wind power or countries with
weakly interconnected networks, TSOs have imposed stringent regulations on the
active and reactive power responses of WPPs during and after short-circuit faults.
These strict regulations are needed to secure the system stability following various
disturbances. Regulations on the active power response assist the system to maintain
its frequency stability while the reactive power support of wind farms can enhance
voltage stability limits of the network.

The regulations on the reactive power response of WPPs during fault periods are
enforced in grid codes of Australia, Germany, Spain and UK. Australian grid code
requires wind farms to provide capacitive reactive current of at least 4% of their
maximum continuous current for each 1% reduction in the PCC voltage once the
voltage drops to less than 90% of its rated value. This means that wind farms must
generate their maximum reactive current when the PCC voltage reduces beyond 0.75
PU. The German grid code has similar regulation, but requires 2% of reactive current
for each percent reduction in the PCC voltage (see Figure 2-6). In Spain, wind farms
must not draw reactive power within 100 ms after the fault occurrence and also, must
be able to inject reactive power in 150 ms after the fault clearance according to the
characteristic shown in Figure 2-9. Finally, the British grid code states that wind
farms must produce their maximum reactive current during a voltage dip caused by a

short-circuit fault.

AIq/ I, [pu] Normal

Fault condition Operation

<
<

, 085°' 10 °
0-5 09 M1

Figure 2-9 Spanish regulation on the reactive current injection.
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Regulations on active power restoration are defined in Australia, Ireland, Germany
and UK. Australian grid code requires WPPs to restore their active power output to
95% of the prefault value within 100 ms after the fault clearance. In Ireland, wind
farms must continue active power production during the fault in proportion to the
retained voltage. Also, the active power output must restore to 90% of the maximum
available power within 1 s after the voltage recovery to 0.9 PU. German grid code
stipulates active power restoration to the prefault value immediately after the fault
clearance, with the gradient larger than 20% of the rated power per second. In UK,
WPPs must restore their active power output to 90% of the prefault value with 500
ms after the grid voltage returns to 90% of the nominal value. By comparing these
requirements, it is observed that the Australian and Irish grid codes have the most
stringent requirements. This can be justified by their weakly interconnected power
networks, which demands for fast active power restoration in order to maintain the
network frequency stability. On the other hand, regulations in Germany are much

less demanding because this country has strong interconnection to UCTE.

2.4.4  Regulations on the extended range of frequency variations

International grid codes require WPPs to continuously operate within extended
ranges of frequency variations for given times. In Australia, WPPs must operate
continuously under the frequency range of 49.5 to 50.5 Hz, operate under the
frequency range of 49 to 51 Hz for 10 minutes, under the frequency range of 48 and
51 Hz for 2 minutes, and under the frequency range of 47.5 Hz and 52 Hz for 9 s.
Similar frequency ranges have been defined in other international grid codes, as

summarized in
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Table 2-5. It is evident that the most onerous transient frequency limits are outlined
in Canada (with 7.5% reduction permitted for 0.35 s), whereas the continuous
frequency variations in the British grid code appears to have the widest operating
range (47.5 <f<52.0).
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Table 2-5 Frequency limits in international grid codes.

Frequency limit Maximum
Country [Hz] duration
495<f<505 Continuous
49.0<f<51.0 10 min
Australia
48.0<f<51.0 2 min
475<f<52.0 9 sec
59.4 <f<60.6 Continuous
58.5<f< 615 11 min
575<f<61.7 1.5 min
Canada
57.0<f<61.7 10 sec
56.5<f<61.7 2 sec
555<f<61.7 0.35s
485<f<51 Continuous
48.0<f<51.0 25 min
Denmark
475<f<520 5 min
470<f<52.0 10 sec
49.0<f<505 Continuous
485<f<515 30 min
Germany
475<f<5h15 10 min
46.5<f<535 10 sec
495 <f<505 Continuous
Ireland 475<f<52.0 60 min
470<f<52.0 20 sec
475<f<52.0 Continuous
UK
47.0<f<52.0 20 sec

2.45  Active power control and frequency regulation

According to the international grid codes, WPPs must control their output active

power in response to the frequency variations and thereby, contribute to the

frequency regulation. Since there is no control on the prime mover of wind
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generators, they are usually exempted from active power increase that would be
needed in the case of frequency drop. However, active power curtailment is
requested in the grid codes of Denmark, Germany and lIreland. The active power
reduction can be attained through either disconnecting some wind turbines from the
grid or pitching the blades of turbines. The Irish regulation on the active power
control is shown in Figure 2-7. In this figure, points B and C denote the range of
normal operating conditions and thus, power control action must be taken for the
frequency range outside 49.7 < f < 50.3 Hz. Danish grid code requires active power
curtailment according to the power-frequency curve shown in Figure 2-10 (active
power reduction to zero as the frequency exceeds 51.5 Hz). In Germany, WPPs must
reduce their active power production with a gradient of 40% of the available power

per hertz when the frequency exceeds 52 Hz.

O 1 1 1 1
47 48 48 50 51 52

Frequency [Hz]

Figure 2-10 Danish active power curtailment regulation.

2.4.6  Reactive power control and voltage regulation

Modern grid codes also require WPPs to provide reactive power control and in turn,
offer voltage regulation service to the network operator. According to the Australian
regulations, WPPs must be able to continuously operate at their rated output power
with the power factor varying from 0.93 capacitive to 0.93 inductive, based on the
command signal received from the system operator. In Canada, the reactive power
requirements are specified under continuous and dynamic operating conditions. For
continuous operation, WPPs must be able to work with the power factor varying
from 0.9 capacitive to 0.95 inductive, whereas the minimum range for dynamic
conditions is from 0.95 capacitive to 0.985 inductive. The Canadian grid code also

requires wind farms to have a voltage regulation system that acts under the voltage
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set-point control mode. This voltage control loop must be calibrated to achieve 95%
of the reference reactive power in 0.1 to 1 s after the step change in the voltage set-
point. The reactive power regulations for other countries are summarized in Table
2-6. Note that in Germany, Spain, and UK, reactive power control must change as
the PCC voltage reduces or increases from the rated value (shown for the German
grid code in Figure 2-11). Therefore, comparing the international regulations of the
reactive power control of wind farms is not possible as some grid codes consider the

variation of the supply voltage.

Table 2-6 Power Factor limits in international grid codes.
Power factor
Grid code country
Cap. Ind.
Australia 0.93 0.93
Canada 0.9 0.95
Denmark 0.995 0.995
Germany 0.95 0.925
Ireland 0.95 0.95
New Zealand 0.95 0.95
Spain 0.91 0.91
UK 0.95 0.95
USA 0.95 0.95
— 253 127 —_—
; 545 123 | — |\ i
g +5%
g
2 220 110
$ -5%
k=
—
193 96
0.95 1.0 0.95 0.925
Ind. Cap.

Power Factor

Figure 2-11 German regulation on the reactive power control.
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2.5 DI1SCUSSIONS AND FUTURE TRENDS

Comparative study presented in Section 2.4 shows that the grid code regulations may
vary significantly from one country to another. This is usually difficult to find a
systematic technical justifications about the existing regulations; however, system
operators usually define their grid codes based on the robustness of the existing
power networks, integration level of wind power and their local utility practices. For
instance, the regulations in weakly interconnected network such as lIreland and
Australia are expected to be more stringent compared to the regulations of USA and

Germany with robust networks.

2.5.1  Global harmonization of the grid codes

EWEA (European Wind Energy Association) recommends that the technical
regulations for European countries should be developed in a more consentient
manner in order to attain harmonized requirements in the coming years [58].
Consistency in the regulations would assist wind turbine manufacturers to move from
‘market-oriented’ products to more ‘universal’ approaches. In other words, at the
present time, manufacturers are constantly challenged to adapt their hardware and
software designs in compliance with specific requirements of each country, rather
than adopting a globally optimized design. This trend must change in near future as
the global wind power capacity is expected to increase notably. In addition,
harmonization of international grid codes will help system operators to share their

experience and learn from past operating incidents recorded in other countries.

Besides globally consistent regulations, it is highly recommended that international
grid codes avoid posing costly regulations on WPPs unless they are truly needed for
the stable operation of the power system. An optimal balance between the cost and
technical regulations would help wind farm developers to attain more economically
efficient solutions. The realistic design of grid codes is especially important for the
inclusion of low/high voltage ride-through requirements as these requirements

reportedly increase the overall of cost of wind generators by more than 5% [59].
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2.5.2 Future trends in the grid code regulations

Studying the latest drafts of international grid codes reveals that more stringent
requirements are expected to be defined for large WPPs in the near future.
Specifically, WPPs will be required to (1) provide reactive power support during
faults, (2) emulate synchronizing power characteristic, i.e., inertia response, and (3)
provide power oscillation damping, i.e., power system stabilization. The reactive
power injection during the fault period is already requested in Australia, Germany,
UK and Spain. Recent studies show that modern variable-speed wind turbines boast
very versatile reactive power control capability that is decoupled to their output
active power; therefore, system operators can readily rely on wind farms to further

support system voltage stability [47]-[51].

Since variable-speed wind turbines are connected to the main grid through back-to-
back converters, their operation is essentially decoupled from the grid conditions
[49]. In other words, they cannot provide synchronizing power characteristic as do
conventional synchronous generators and as a result, the total inertia of the system
reduces. To address this problem, some system operators, such as REE, strongly
recommend wind power plants to have the ability to emulate inertia response of
conventional synchronous generators. This requirement is not compulsory at the
present time, but it is expected to be included in grid codes of Spain, Ireland, and
New Zealand in the near future. Accordingly, an extra PI controller must be fitted in
the wind turbine control scheme, which acts on the frequency variations as the input
and changes the output power accordingly in order to suppress the frequency
variations [59]. For instance, the Spanish regulations on the inertia response are as
follow: (1) the gains of PI controller must be adjusted such that the active power
output can vary by 5% within 50 ms; (2) energy storage devices must be used to
assist wind power plants to inject or absorb at least 10% of the output active power
for 2 s; (3) the deadband of frequency variations is equal to +10 mHz; and (4) the
inertia response must be disabled for voltage sags with voltage below 0.85 PU [56].

Future grid codes will also require WPPs to participate in power oscillation damping
with the low frequency range of 0.15 Hz to 2.0 Hz. To provide power system

stabilizer facility, WPPs must integrate an additional lead-lag compensators that act
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on the power oscillation (probably at remote area) as the input signal and
increase/reduces the wind power output accordingly. Recent studies show that
variable-speed wind turbines can present superior power system stabilizer

performance compared to the conventional generation system [49].

2.6 CONCLUSIONS

In conclusion, this chapter presents a comparative study on the international grid

code regulations defined for large WPPs. It is found that
e Australia and Spain have the most onerous LVRT and HVRT regulations.

e Australia has the most stringent regulations on the active and reactive power

responses following a fault.

e Canada and UK have the most demanding frequency variations ranges for

transient and steady-state operating conditions, respectively.

e Strict regulations on active power curtailment (frequency regulation) are

defined in Ireland, Germany and Denmark.

e Spain and Canada have the most demanding reactive power capability

requirements for voltage regulation.

The main focus of this study is on the transient response of WPPs under fault
conditions. It was shown that the Australian grid code has the most stringent
regulations on the LVRT/HVRT, reactive power injection and active power
restoration; therefore, this grid code is selected for the compliance studies in the

following chapters.
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Chapter 3. Transient response of DFIG-based WTs

under symmetrical and asymmetrical voltage sags

3.1 INTRODUCTIONS

Achieving recent LVRT requirements, enforced by the international grid codes, is a
significant technical issue for wind turbine manufacturers. To fulfil this objective, a
thorough insight into the LVRT regulations and what they practically imply at the
wind generator terminals are of the utmost importance. The relevant features and
constraints of power networks must be taken into account, including the effects of
transformers’ configuration, submarine/underground AC cables and fault clearing
mechanism of the circuit breakers. This would help to accurately identify the realistic
voltage sag conditions that are expected at wind generator terminals under different
types of faults. Following this, detailed transient models of wind generators can be
incorporated to predict the evolution of electrical and mechanical variables of the
wind generator under different sag conditions. Thereby, researchers and designers
will be able to identify the difficulties associated with successful fault ride-through
of wind generators and accordingly, modifications to the conventional control
techniques can be suggested to address these problems and enhance the LVRT
capability of WTs.

Among different technologies proposed for wind generation systems, the DFIG
concept has been recognized as the most popular option due to many
technical/economical advantages compared to other concepts. The DFIG concept has
several advantages as compared to the fixed-speed generators, including maximized

power capture, reduced mechanical stresses on the turbine, and reduced acoustical
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noise. In addition, this technology is more economically viable than the full-
converter variable-speed concept since it employs voltage-source converters (VSCs)
rated at 30-35% of the generator size for the rotor speed variation range of + 25%
[1]. Hence, this chapter presents a new analysis into the impacts of various
symmetrical and asymmetrical voltage sags on DFIG-based WTs.

The LVRT requirements are usually defined by the grid codes at the high-voltage
side of the wind farm coupling transformer to the grid (i.e. at the PCC). However, it
Is known that depending on the network characteristics and constraints, the voltage
sag conditions experienced at the wind generator terminals can be significantly
different from the conditions at the PCC. Therefore, it is very important to identify
the voltage sags that can practically reach the wind generator terminal. In this thesis,
extensive simulation studies are carried out to investigate the transient overshoots
and ripples that appear in the rotor current and dc-link voltage when the DFIG is
subjected to various types of (a)symmetrical faults. For the first time, the impacts of
phase-angle jump and operational constraints of circuit breakers are examined.
Furthermore, the influences of sag parameters including type, initial point-on-wave
instant, depth, and impedance angle are investigated. Theoretical analyses are also
presented to support the validity of observations made in the simulation studies.

This chapter is organized as follows. Section 3.2 presents the characterization and
classification of various voltage sag conditions, considering the transformers
configurations, impedance angle of the grid, and the natural current zero-crossing
operation of circuit breakers. Section 3.3 explores the modelling and conventional
vector control of DFIG-based WTs. Section 3.4 presents a theoretical study of the
DFIG-based WT under fault conditions, which will be used to analyse the simulation
results. In section 3.5, a 1.5 MW DFIG-based WT is simulated in Matlab/Simulink
and is subjected to various sag conditions in order to examine the transient
overshoots and steady-state ripples that appear in the rotor current and dc-link
voltage under different types of faults. This section also examines the effects of
phase-angle jump and voltage recovery process. Finally, the influence of sag
parameters (type, initial point-on-wave instant, depth, and impedance angle) on the

peak values of the rotor current and dc-link voltage are investigated.



Chapter 3: Transient Response of DFIG-based WTss... 34

3.2 CHARACTERISTIC AND CLASSIFICATION OF VOLTAGE SAGS

When a fault occurs at some points in the power network, the supply voltage drops to
the lower levels until a protection device trips and circuit breakers isolate the fault.
During this interval, wind generators connected to the same bus as the faulted feeder
will experience a voltage sag condition. This section aims to characterize and classify

the voltage sag conditions caused by different types of faults in the grid.

3.2.1  Symmetrical faults and phase-angle jump

The voltage divider model can be used to formulate the voltage sag conditions
caused by three-phase faults in radial systems, as displayed in Figure 3-1 [42]. In
this figure, T1 represents the step-up transformer that is located in the nacelle of each
WT to increase the low-level voltages generated at the DFIG terminals to the
medium-voltage used in the collection-grid of the wind farm. In cascade to the
nacelle transformers, a large step-up transformer (T2), sized at the nominal capacity
of the wind farm, will be used to increase the collection-grid voltage to the
transmission-level voltage. Real parameters for the transforms used in one of the
largest offshore wind farms in the world, Horns Rev, have been given in Figure 3-1
to provide further insight [60]. According to this figure, the voltage at the PCC, i.e.,
at the HV side of T2, can be defined as

Vo oV, L

0712, 31
where Vs is the prefault voltage, Zs is the source impedance at PCC, and Z; is the

impedance between the PCC and fault location.

Grid PCC 2.1Mv4, 1A 2;;%::?
_____ — Busl 0.69/33 kv Bus2 *
/Y Z. \ | 160Mmv4, va
' — | 33/150 kv

\
=0
T2
Z; (on Platform) Tl

Fault (inside Nacelles)  _ 9

Figure 3-1 Voltage divider model (italic figures are the real parameters for Horns-Rev

wind farm).
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Three-phase sags are normally characterized by the magnitude of the remnant
voltage and the duration. However, if the X/R ratios of the impedance Zs and Z; are
different, the three-phase fault causes not only a drop in the voltage magnitudes, but
also a sudden change in the phase-angle of the three-phase voltage. This

phenomenon is referred to as “phase-angle jump” and is defined by

& =arg(Veg) =arg(Z¢) —arg(Zs +Z¢) 3-2

For the conventional transmission systems, both Zs = Rs+jXs and Z; = Ri+jX; are
mainly formed by overhead transmission lines and large transformers, so the phase-
angle jump would be very small. However, for wind farm connected to the
distribution systems or offshore wind farms with high-voltage submarine cables, the
XIR ratio of the source impedance is noticeably larger than the Z; impedance. Thus,

three-phase faults cause large sudden variations of the voltage phase-angles.

If (3-1) is rewritten with Z;/Zs = e’ it can be observed that the A’ value varies
depending on the fault distance but the ‘o’ parameter is a fixed for any given source—
fault impedance combination (known as impedance angle). Consequently, a unique
relationship between the sag magnitude and its phase-angle jump can be established
for any specific impedance angle. It is not however practical to consider individual
characteristics of each network for testing the LVRT capability of wind generators.
Instead, this work focuses on the typical impedance angles proposed by [61],
including 0° (the most common value for transmission systems), —20° (typical value
for distribution systems), and —60° (the minimum value for wind farms located
offshore with submarine/underground AC cables). Figure 3-2 shows the relationship
between the sag magnitude and the corresponding phase-angle jump for various
impedance angles. It can be seen that the voltage sag conditions specified in the
Spanish Grid Code (e.g., Point B in Figure 2-4) are mapped to different voltage
vectors depending on the network impedance angle, e.g., to Points By (Vsayg =
0.6L_0°), Bz (Vsag= 0.61_—12°), and B3 (Vsag= 0.6L_—31°) for a = 0°, 0. = —20°, and

a =—60°, respectively. Similar comments can be made about Points A and C.
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Figure 3-2 Voltage sag magnitude vs. phase-angle jump for various impedance angles.

3.2.2  Asymmetrical faults and sag classification

If an asymmetrical fault occurs in the power network, six types of voltage sags (types
B to G) can appear at the PCC and the wind generator terminals [61]. The phasor
expressions of various sag types are given in the Appendix A. The magnitude and
angle of the characteristic voltage (Vsag) define the retained voltage and phase-angle
jump, respectively. Ref. [61] has demonstrated that the transformers’ configuration
cannot affect the voltage sag conditions caused by three-phase faults, i.e., sag type A
propagates unchanged throughout the network from the PCC towards Busl and Bus2
in Figure 3-1. However, the voltage sag experienced at the wind generator terminals
during asymmetrical faults can be substantially different from the PCC, due to the
transformers’ configuration. The coupling transformer (T2) is usually connected in
YA configuration, which filters out the zero-sequence component in the secondary-
side (Busl in Figure 3-1). The sag type at Bus2, experienced at the wind generator
terminals, is defined based on the configuration of the nacelle transformer, as listed

in the last two columns of Table 3-1.

From Table 3-1, it is evident that sag types B and E cannot reach the generator
terminals as they include zero-sequence components. On the other hand, sag types D,
F, and G will be observed only if the transformers’ configurations are taken into
account. It is finally concluded that to thoroughly examine the operation of DFIG-
based WTs under fault conditions, the wind generator must be subjected to the sag
typesof A, C", D", C, D, F, and G.
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Table 3-1 Voltage sag propagation through the wind farm
Sag at Busl, || Sag at Bus2, | Sag at Bus2,
Fault || Sag at PCC
YA Trans. YA Trans. | Other Trans.
30 Type A Type A Type A Type A
®-g Type B Type C* Type D* Type C*
O-O Type C Type D Type C Type D
20-g Type E Type F Type G Type F

*) The characteristic voltage is not equal to Vg but to (1/3+2/3 V).

3.2.3  Fault clearance and voltage recovery process

Protection relays may trip at any time during the fault, but the pole of the circuit
breakers can only function and isolate the fault at the natural zero-crossing points of
the corresponding phase current. As a result, short-circuit faults that involve more
than two phases (e.g., two-phase to ground, three-phase, and three-phase to ground
faults) will be cleared in two or three steps. This is because when the circuit breaker
operates in one phase, the fault will develop into another type and the full voltage
recovery will take place with the operation of circuit breakers in other faulted phases.
For instance, if a two-phase to ground fault occurs between phases a and b, the
circuit breaker can first operate in the zero crossing point of phase a, then the single-

phase to ground fault in phase b will be cleared, leading to the full voltage recovery.

Ref. [61] has listed fourteen types of sags corresponding to different possibilities of
voltage recovery, as given in Table 3-2. It can be seen that the three-phase faults
(type A voltage sags) can be cleared in five different ways (involving two or three
steps), two-phase to ground faults that generate types E, F, or G voltage sags can be
cleared in two different ways (involving two steps), and faults that generate other sag
types will be cleared in a single way. In Table 3-2, ‘t;’ is the initial point-on-wave
instant that the fault occurs and ‘ty’ is the final point-on-wave instant that the first
pole of the circuit breaker clears the fault. If the fault is to be cleared in two or three
steps, ‘tr” and ‘t;3” denote the instants that the second and third phases of the circuit
breaker clear the fault, respectively. Note that the final point-on-wave instant (t;) is

defined according to the fault current angle () and the other two recovery instants
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(t» and t3) are delayed by 60°, 90°, or 120° with respect to t;;. The typical value of
the fault current angle is equal to 75° to 85° for overhead transmission systems and
45° to 60° for distributions systems or transmission systems with submarine or
underground cables. Therefore, it can be said that the voltage recovery instants is

discrete and nearly constant for any network with a given fault current angle v [61].
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Table 3-2 Voltage recovery sequences and fault clearance instants with identical fault
current angles for different sag types.
Sag Sequence of | First recovery Second Third recovery Fault-
Type sags* oty recovery oty clearing
oty delay
A; A — C, n.360° — o, + v | n.360° — 0, + v - otp, — oty =
+90° 90°
A, A, = D, n.360° — o, + v | n.360° — 0, + v - otp, — oty =
+90° +180° 90°
Az A; > Exp— | n360°—0,+ vy | n.360°—0,+v | n.360°—0,+ | oty — oty =
By + 60° v+ 120° 120°
Ay Ap— Fp— | n360°—0,+vy | n.360°—a, + v | n360°—a,+ | oty — oty =
Cy +90° +150° vy +210° 120°
As As — Gy — | n.360°—ay +y | n.360°— a0, +y | n.360°—a,+ | oty — oty =
Dy’ + 60° v+ 120° 120°
B. - n.360° — o, + - - -
.
C,or - n.360° — o, + - - -
Ca +90
D, or - n.360° — o, + vy — - _
D,
Eia Eia — B n.360° -0, + v | n.360° —a, + vy - otp, — oty =
+120° + 240° 120°
Ea E,. — By n.360° — 0, + v | n.360° — 0, + v - otp, — oty =
-120° —60° 60°
Fia Fia— Ce | n.360° — 0z +y | n.360° — 0z + - oty — oty =
—-150° —30° 120°
Faa Fo. — Cb* n.360° — 0, + v | n.360° — 0, + v - otp, — oty =
+150° +210° 60°
Gia G — Do n.360° — 0, + v | n.360° — 0, + v - oty — oty =
+120° +240° 120°
Goa Gy — Dy | n.360° — o, + v | n.360° — o, + v - oty — oty =
-120° - 60° 60°

*) Sag types B,, C,, D, .... denote that space vectors Vy, and V, are symmetrical with respect to phase

a, as in Table A-l.

Sag types By, Cp, Dy ... denote that space vectors V,, and V, are symmetrical with respect to phase b.

Sag types B, C., D. .... denote that space vectors V., and V,,, are symmetrical with respect to phase c.
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3.3 MODELLING AND CONTROL OF DFIG-BASED WTs

This section presents a brief overview of the modelling and the conventional vector
control of DFIG-based WTs. Figure 3-3 shows the overall configuration of a DFIG-
based WT, consists of a pitch-controlled turbine that is mechanically coupled to a
wound rotor induction generator through shaft and gear-box system. The gear-box
must be used to increase the low rotation speed of wind turbine to near the
synchronous speed of the generator. The stator winding of the machine is directly
connected to the grid whereas the rotor winding is connected through back-to-back
VSCs to the coupling transformer. Vector control of the RSC provides a decouple
control over the active and reactive powers of the machine. The GSC vector
controller, on the other hand, is designed to keep the dc-link voltage constant. The
VSCs are sized at a fraction of the generator rating, normally in the range between 25
to 35 percent, for a give speed variation range of £25%. Since the VSCs can operate
in bi-directional power mode, the DFIG can be operated either in sub-synchronous or
in super-synchronous operational modes. The conventional protection scheme of
DFIG includes the crowbar that protects the RSC from destructive overcurrent and
the chopper that protects the dc-link capacitor from severe overvoltages. The
protection of DFIG under fault various fault conditions will be studied in Chapter 4
and Chapter 5.
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Figure 3-3 Schematic diagram of a DFIG-based WT
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Figure 3-4 illustrates the overall model and control structure of a DFIG-based WT,
inducing the mechanical and electrical components [62]. The mechanical parts, with
large time constants, are constituted of (1) a wind model, (2) an aerodynamic model
of the turbine, (3) a drive train model, and (4) blade angle and output power control
blocks. On the other hand, the electrical part of the model consists of (1) the
generator model, (2) the RSC control block, and (3) the dc-link and GSC blocks. The
input and output variables of each component and the interconnection between
different parts of the overall model are shown in Figure 3-4. A comprehensive
discussion on the modelling and control of DFIG-based WTs is presented in [1], [5]-
[7]. A review of the electrical parts of the model is however needed in this thesis
because it helps to theoretically analyse the transient response of DFIG-based WT

under various operating conditions including voltage sags and swells.

1
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Figure 3-4 The overall model and control structure of a DFIG-based WT
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3.3.1 Machine modelling

Induction machines are usually modelled using the well-known ‘T-form” equivalent
circuit with self and mutual inductances [5]-[7]. However, the T-form equivalent
circuit is more complex than necessary. Therefore, this thesis uses a more convenient
‘I'-form” equivalent circuit without losing the model accuracy [63]. The I'-form
equivalent circuit is graphically presented in Figure 3-5 (the machine-side), where ®
is the angular speed of the arbitrary reference frame. According to this model, the

stator and rotor voltage vectors in the arbitrary frame are given by

a
Vi RSI§+d$S + jo- @ 33
do? |
Vi =Rlr+ = Eri(e-0) @ 3-4

and the flux vector are defined as
@ =L, (15 +17) =L, 15 3-5
@7 =L 17 + L, (15 +17) 3-6

Using (3-5) and (3-6), the stator current and rotor flux can be expressed by

225y 3-7
S Lm r -
@7 =@; +L,I7 3-8

Substituting (3-8) in (3-4) gives the rotor voltage equation in the arbitrary frame as

a a
V=R, S0 S om0 (L1 108 39

Also, the stator power is defined by

S, =P, +jQ, =-15V2-12 3-10

3.3.2  GSC modelling

The GSC of a DFIG-based WT is mainly aimed to keep the dc-link voltage constant
while if desired, it can also provide a limited reactive power support. According to
dc-side model shown in Figure 3-5, the differential equation describing the capacitor

voltage can be defined as
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Nee _p _p 3-11

In (3-11), the rotor power (P,) is an independent variable that is controlled by the
outer power control loop of the RSC. Therefore, the dc-link voltage can be controlled
only through the GSC active power (Pg). If the power losses in the ac filter of the

GSC are neglected, the output power of the GSC can be defined as

S, =P, +jQ, =15V2-I2 3-12
Also, referring to the GSC-side model in Figure 3-5, the voltage equation of this

converter in the arbitrary frame can be expressed by

a

i
vngg|g+Lgd—t"+Ja)Lg|g+v: 3-13

Based on (3-13), it is evident that the operation of the GSC is identical to the

conventional grid-connected VSCs.
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Figure 3-5 Equivalent circuit of the DFIG system

3.3.3 Vector control of the RSC

This section presents the overall field-oriented vector control scheme that has been
widely adopted in the RSC of DFIG. In this control technique, the synchronous
reference frame is usually aligned with the stator-flux space vector, providing a
decoupled control of the active and reactive powers of the machine [5]-[8]. The d-

axis of the complex frame is fixed to the stator-flux space-vector and rotates anti-
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clockwise at the synchronous speed of ws (o = ws). If the slip angle is defined by
Osip= 0s — O, the space-vector relationship between the stationary frame, the rotor
frame rotating at w,, and synchronous frame rotating at ws can be defined as shown in
Figure 3-6. It is clear that

Fe =F%.e 1% 3-14

Fr — Fe ,e—j(gs_ar) — Fe .e—jeslip 3-15

where F represents the voltage, current, or flux space vector.
The stator voltage is usually a constant quantity in the stator-flux frame; therefore,
the term (d®°/ dt) can be assumed equal to zero. If the Rs value is also neglected in

(3-3), this equality can be simplified to

V{ = jo,®; = V{ = Vg = o - Ly, I

3-16

Substituting (3-16) in (3-10) and making use of (3-5) and (3-7) give the stator active
and reactive power as

'Irq

(g -

From (3-17), it is observed that the stator active and reactive power can be

P, =150,

e
Im

3-17
Q, =15mL, )

e
Im

e
Im

independently control through regulating Irq and Iy, respectively. Accordingly, the
field-oriented vector control scheme for the RSC can be configured as shown in

Figure 3-7:

3o

Figure 3-6  Phasor diagram of DFIG in the synchronous stator-flux frame.
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Figure 3-7 Field-oriented vector control of the RSC and GSC

1. Clarke’s transformation is used to obtain the vector representation of the
measured three-phase signals. Stator voltage and current signals are measured in the
stationary frame (.3, and V°.3,); hence, their corresponding vectors will also be
calculated in the same frame, giving V¢ and I vectors. The rotor current vector, on

the other hand, will be obtained in the rotor reference frame (I,").

2. According to (3-14) and (3-15), the stator-flux angle 6 and rotor angle 6, are
needed for the current vector transformation. The rotor angle is directly measured
using a position encoder, whereas the stator-flux phase-angle can be estimated by
expressing (3-3) in the stationary frame, as
do;

dt

From (3-18), the quadrature components of the stator-flux vector in the stationary

3-18

s _ s
Vo =R +

frame can be calculated by the integrations given in (3-19),

o, = .[(\/Sa - Rslw)dt
(Dsﬂ = I(\/sﬂ - Rslsﬂ)dt

However, using pure integration leads to several problems such as dc-offset and dc-

3-19

drift in practice. Therefore, the integral operator in (3-19) is solved using digital
band-pass filters [5]-[6]. These will immune the overall control scheme to the
variations of machine parameters (i.e. stator resistance) and eliminate the resultant

steady-state errors.
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3. The stator-flux angle at each instant can be calculated by
0, =arctan(P, / D, ) 3-20
Also, the amplitude of the magnetization current can be estimated using (3-3) as

P+ PG 3-21

‘(I)g B L,

=L,

S
Im

S
=l

4. The amplitude of the magnetization current vector does not change in
different reference frames, i.e., |I’| = [In’|. Therefore, the rotor command vector in

the stator-flux frame can be calculated using (3-17):

*

* P
o =51
. L5w,Ly, -|I5,
I? :Ird+J|rq_) * 3-22
=2 e
rd — m
1.5w,L,, |1},
5. In (3-22), the active power command signal (P") is obtained based on the

optimal power-speed curve given by the WT manufacturers, whereas the Q" value is
defined through the grid code regulations stipulated by the system operators. It must
be noted that the outer power control loop is not discussed here because the transient
response of DFIG-based WT is mainly dominated by their inner control loop with

much smaller time constants.

6. The rotor command vector in (3-22) is expressed in the stator-flux frame
whereas the RSC output current is measured in the rotor reference frame. Thus, the

I," vector must be transformed to the synchronous frame using (3-15).

7. Finally, the rotor command vector and the measured current vector are fed to

a PI current regulator to generate the appropriate gating signals for the RSC.

3.3.3.1 Using PI current regulator in the RSC

In this current regulator, the tracking error between the reference and the actual rotor
current vectors (i.e., the difference between Iﬁ*and I,°) is processed by a PI

compensator to estimate the RSC output voltage vector. The rotor voltage equation in

the synchronous frame is obtained by substituting o with wsin (3-9) as
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e

Vf=er?+La%+jws.ip-(L5|$+q>e) 3-23

S
Separating (3-23) into the d- and g- components yields
I I oD \Y
i rd _ [A] rd i a)sllp ) sq +i. rd 3.4
dt| g g Ly [-@y] Ly [Vi
where
[A] _ - Rr/La a)slip .
- a)slip - Rr /LO'
According to (3-24), the auxiliary input voltage of [U;q U] is defined as

Uy :dlrd/dt:kpr(l:d _Ird)+kir.[(|:d _Ird)dt
Urq =d|rq/dt=kpr(|:q _Irq)+kirj(|:q _Irq)dt

where kpr and ki are the proportional and integral gains of the Pl compensator,

3-25

respectively. Based on (3-23) and (3-24), the rotor control voltages in the

synchronous frame are obtained as

V U | ®
=] LA e 3-26
Vig Urg g Dy

The rotor voltage vector in the d-g frame in then transferred to the rotor frame using
(3-14). Finally, the control voltage vector (V) is fed to a space vector modulation
(SVM) unit to generate the gating signals for the RSC switches. The control structure

of the studied PI current regulator is shown in Figure 3-8.
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. .
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Figure 3-8 PI current regulator in the RSC

From Figure 3-8, it is observed that when the standard PI current regulator is used in
the RSC, the rotor current vector follows the command vector through changing the
RSC output voltage vector. Therefore, the RSC must be represented in the DFIG
equivalent circuit as a current-regulated voltage source. This means that the rotor

current waveform can be affected by the stator voltage under grid fault conditions.
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3.34 Vector control of the GSC

The output current of the GSC can be controlled using the same vector control
scheme. However, the GSC controller is usually synchronized with the grid-voltage
space vector, readily extractable by a PLL system. If (3-3) is rewritten in the voltage-

oriented frame (with Vs = V), the active and reactive powers of the GSC will be

obtained as
Qg =1.5Vy ng 3-28

Substituting (3-27) in (3-11) defines the variations of the dc-link voltage as

\
C -VdC d de

According to (3-29), the variation of the dc-link voltage can be controlled through
the d-component of the GSC current (l4g). On the other hand, the reactive power of
the GSC is controlled through the g-component of the current vector. Accordingly,

the GSC vector control scheme can be configured as shown in Figure 3-7:
1. A PLL system is used to extract the synchronization signal from the voltage.

2. Two PI control blocks are used to calculate the 1'gq and 17y current
components from the error signals of AVy. and AQy, respectively.

3. Clarke’s transformation is used to obtain the vector representation of the
measured GSC three-phase current (I3_3¢), followed by transforming it to the
synchronous frame.

4. The resulting current vector (14°) along with the GSC command vector (IZ*)
are fed to a PI current regulator that aims to generate the appropriate gating signals in
the GSC.

3.3.4.1 Using PI current regulator in the GSC

The control structure of the GSC current regulator is similar to the one used in the
RSC. The GSC voltage equation in the synchronous frame is obtained by
substituting o with s in (3-13), which gives
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dre
V32R9|Z+Lgd—f+ja)ng|Z+Vse 3-30

Separating (3-30) into the d- and g- components yields
| I V-V
dt| lgq g Ly [Veq
where
[A']:{_RQ/LQ + ol }
-k, —Rg/Lg
According to (3-31), the auxiliary input voltage of [Ugq Ug] is defined as
Ugg =dl g /dt =kpg(Igg =1 5g) +kig [ (154 — 1 4 )clt

Ugq :dlgq/dt:kpg(lgq_ng)+kigj(|;q_|gq)dt

where Koy and kig are the proportional and integral gains of the Pl compensator,

3-32

respectively. Based on (3-31) and (3-32), the GSC control voltages in the

synchronous frame are obtained as

Vv | U V
l: gd}:Lg[A']'{ gd}LLg{ gd}{ Sd} 3-33
Vg lgq Ugq 0
The overall control structure for the GSC current regulator is shown in Figure 3-9.
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Figure 3-9 Pl current regulator in the GSC
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3.4 THEORETICAL ANALYSIS OF THE DFIG BEHAVIOUR

This section presents the theoretical analysis of the DFIG response under various
fault conditions. The presented analysis aims to address the shortcomings of [64] and
[65], i.e., the effect of phase-angle jump is taken into account and the rotor winding
is not assumed in the open-circuit condition. As a result, this study is not restricted to
overvoltages appear under fault conditions, but explains the origin of large

overcurrents observed in the rotor winding during different types of voltage sags.
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The V. vector can be expressed in the rotor frame by substituting =, in (3-9),

r r
V) =V, +(RI; +L, do:tr) where V,, =d(;% 3-34

It is seen from (3-34) that the rotor voltage is jointly defined by two components: the
electromagnetic force (EMF) induced by the stator-flux space vector and the voltage
drops across R, and L,, as shown in Figure 3-10. Parameters R, and L, are usually
very small; therefore, the first term in (3-34) can be neglected as compared to the
induced EMF, i.e., V"=V, [64].

v =9 /) v,

dt

Figure 3-10 Equivalent circuit of the machine viewed in the rotor frame.

34.1 DFIG operation under normal operation conditions

Eqg. (3-16) is valid under normal operation conditions, where the stator-flux vector is
fixed with respect to the synchronous frame. Transforming this equation from the

stationary to the rotor frame yields to
O] = @3- 1 = (V/ o) el ) 335
Replacing (3-35) in (3-34) gives the rotor voltage equation as

— dq)g — g — Wy 'V'ej(ws_w’)t :S'V'ejswst 3-36
dt @,

r
Vro

From (3-36), it can be seen that the induced EMF is proportional to the machine slip
and rotates slowly with the frequency of sws. The DFIG technology is to be used in
the applications with limited slip range (less than +0.3 pu); thus, the rotor voltage
will be equal to a reduced fraction of the stator-voltage. This fact will be used to
design the RSC devices and calculate, with some safety margin, the maximum
voltage needed at the RSC output terminals. The nominal output voltage of the RSC
must be large enough to dominate the induced EMF and in turn, be capable of

controlling the rotor current according to the adopted vector control scheme.
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3.4.2 DFIG operation under symmetrical sag conditions
Now assume that a balanced three-phase fault occurs at t = 0 s, causing a type A
voltage sag with depth p and phase-angle jump of & at generator terminals.

Accordingly, the stator-flux can be defined by

. V.elot for t<0
VE (L) = o 3-37
(1_ p).V.eJ(a’S“’b),for t>0

Based on (3-16) and (3-37), the steady-state component of the stator-flux, imposed
by the supply voltage, can be defined by

i.ejwst
o3 (1) = Jjo for t<0 .
(l— p)~V_ej(wst+5),for t>0
Joos

However, the stator-flux is a state variable and cannot instantaneously vary from the
first to the second value in (3-38). To fulfil this constraint, the stator-flux response
must include a transient part that guarantees its gradual change at the fault onset. Eq.
(3-34) indicates that the induced EMF is equal to the rotor voltage when the rotor
winding is in open-circuit condition (1," = 0). By applying this in (3-3) and (3-5), the
differential equation describing the stator-flux behaviour can be obtained as

ddi(t) R
ﬁ — _Sq): (t) 3-39
d L,

Ve (t) =
The solution of (3-39) is constituted of two parts, the homogenous and non-
homogenous components. The non-homogenous part, referred to as the forced or
steady-state flux (®g), is defined by (3-38): its amplitude is instantaneously
proportional to the stator-flux; thus, it suddenly changes to (1-p).V.e® at the fault
instant. On the other hand, the homogenous part corresponds to the natural response
of the stator-flux to the sudden variations in the grid voltage. This transient term,

referred to as the natural flux component (®s,), can be generally expressed by
@ () =D, -e ' 3-40
where 15 = Rs /Ly, is the stator time constant and @y, is the initial value of the natural

flux. This vector is calculated based on the fact that the stator-flux value must be

identical immediately before and after the sag, i.e., ®s°(0.)= ®(0+). Accordingly,
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@ (0_) =@ (0,)+®,(0,) 3-41
The stator-flux vector for t > 0 is obtained by substituting (3-38) and (3-40) in (3-41),

which finally results in

) S5
(I):(t) _ (1_ p)V ej(a)stJré') + (1_e + pe )V e*t/fs

3-42
Joog Joog

To calculate the rotor voltage, Eq. (3-42) needs to be expressed in the rotor frame

D (1) =D (1) + P, (1) = A= P)V g iates-on
Jos
. (1-e° + pe?)-V 3-43

Jaog

e—t/rse—ja)rt

Therefore, the induced EMF originated from the forced and the natural flux
components of flux can be defined as
Vi, (t) = Vi () + V), (1) =d® (t)/dt +ddg, (1) /dt 344
The forced component of EMF can be obtained by substituting the first term of
(3-43) in (3-44), as
Vi @) =s-(1-p)-V-eltn 3-45
From (3-45), it is evident that the V4 vector (rotating with the slip frequency of sws)
is defined by the retained supply voltage and always has a small amplitude
proportional to the machine slip. On the other hand, the natural induced EMF
corresponds to the second term of (3-43), which is defined by
VARV S Lo 9 B

Jo
If the term “1/75’ is neglected in (3-46), it can be simplified to
Vi ==V (e’ +pe’)-(L-s)-e VeI 3-47
Based on (3-47), the natural induced EMF (rotating with ®,) appears just after the
fault occurrence and exponentially decays to zero with the stator time constant (zs).
However, the initial value of natural EMF can be severely large as it is proportional
to ‘1-s’. Therefore, this is very likely that the natural induced EMF exceeds the RSC
voltage rating just after the fault instant. Consequently, the control of rotor current
will be lost temporarily due to the severe overvoltages that appear in the rotor
winding. Referring to Figure 3-10, these transient overvoltages are imposed on the
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impedance formed by ‘Rs+jwrl,’. The rotor impedance at this frequency is small
(typically less than 0.5 pu); thus, overcurrents with magnified amplitudes can flow in
the rotor winding and cause the destruction of semi-conductor switches of the RSC if

no protection device is incorporated.

The situation becomes even worse when the sag is associated with large phase-angle
jumps. Figure 3-11 compares the initial values of V,, for two extreme impedance
angles (o = 0° and a = —60°), when the machine operates at three various slips
preceding the fault (s = +0.25, 0, or —0.25 pu). It can be observed that the presence of
phase-angle jump always leads to larger natural EMFs. The adverse impact of phase-
angle jump is more notable for sags with the remnant voltage of 20—-80% where the
initial value of Vy, increases by 25—45%. It is also evident that the initial value of Vy,
Is proportional to the machine speed, i.e. larger natural EMFs will be produced at
higher rotation speeds. Finally, it can be concluded that the most onerous LVRT
conditions will be imposed on the DFIG-based WT when the machine is operating at

the highest speed and the sag is associated with large phase-angle jumps.

1.5 T T .
—& — 3= +0.25, without phase jump :
—&— = +0.25, with phase jurmnp
L2531 —@-s=0.0 ,without phase jurnp
_ —H8— 5= 0.0, with phase jurmnp
B 1 Ll =© =s=-025, without phase jump
o —©—5=-0.25, with phase jump
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Figure 3-11 Initial value of V,, with and without phase-angle jump.

343 DFIG operation under asymmetrical sag conditions

It is already discussed that the zero-sequence component of voltage cannot reach the
DFIG terminals because it will be filtered by the YA transformers used between the

PCC and individual wind generators. Therefore, asymmetrical voltage sags, caused
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by any unbalanced fault, can be decomposed into positive and negative-sequence
components, expressed by
VI =V, el 4 v,e i 3-48
where V3 and V; represent the initial vectors of the positive and negative sequence
components, respectively. The positive sequence of the stator voltage generates a
flux component rotating anti-clockwise at the synchronous speed whereas the
negative sequence of the stator flux rotates at the same speed but in the opposite
direction. The forced stator-flux is thus defined by
Vyelat v, el

jo, o,

O =D; +D; = 3-49

Transferring (3-49) to the rotor reference frame results in

X V. ej(a)s_wr)t V. e_j(a’s+a)r)t
—joit _ V1 2
O, =@ e ' = . - . 3-50
Jos Jos

Accordingly, the EMF induced by the forced flux is obtained by

Vi =d@f /dt =V, -s-eP* —V, . (2-5).e7 I 5 59

Based on (3-51), it can be seen that the positive sequence component rotates at the
slip frequency with a small amplitude proportional to the machine slip. On the
contrary, since the second term of (3-51) includes a factor close to 2, its amplitude
can be considerably large for sags with even very small negative-sequence
component of the stator voltage. The resulting negative-sequence EMF, with the
frequency approximately equal to twice the grid frequency, is imposed to the rotor
winding impedance of ‘Rs+j(2-s)wsL,’. This will generates large steady-state current
ripples during the sag.

In addition, a natural flux component must be included to insure the continuity of the
stator-flux trajectory at the beginning and end of fault. However, there is a distinctive
difference in this case compared to the symmetrical faults: the initial value of the
natural flux component depends not only on the depth and type of sag but also on the
fault occurrence instant. In other words, to calculate the initial value of the natural
response, positive and negative sequence components of the forced flux must be
calculated for the simulated sag condition. Referring to (3-51), the highest natural

flux occurs when the positive and negative sequence components are aligned in the
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opposite direction. In such an extreme case, the stator forced flux, which is equal to
the vector summation of positive and negative components, has the minimum
possible amplitude just after the fault instant. Therefore, the highest value of the
natural flux is needed to avoid abrupt changes of the stator-flux vector. Since the
impedance of the rotor winding for the negative-sequence is almost twice the
impedance seen by the natural EMF, the transient overshoots of the rotor current are

usually larger than the oscillating component.

Figure 3-12 shows the supply voltage decomposition when the wind generator is
subjected to the asymmetrical sag types of C or D. It can be seen that higher negative
sequence is always resulting if the sag is associated with phase-angle jump. This, in
turn, produces oscillations with larger peak-to-peak ripples. Since the positive
sequence component decreases at the same time, amplitudes of positive and negative
components of the voltage become closer. Consequently, there is a notable reduction
in the magnitude of the minimum possible forced flux, so larger natural components
might be needed to avoid the flux discontinuity. This means higher voltage and

current overshoots in the rotor winding at the start and end of the sag.
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Figure 3-12 Voltage decomposition into the positive and negative sequence components,

with and without phase-angle jump (sag types C and D).
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3.5 SIMULATION RESULTS

In this section, extensive simulation studies are carried out to examine the operation
of DFIG-based WTs under different types of voltage sags. It is shown that
symmetrical and asymmetrical grid faults affect the DFIG operation in different ways
and phase-angle jumps have large detrimental impacts on the DFIG transient
response. Moreover, the effects of initial point-on-wave instant and the voltage

recovery parameters are examined.

The simulation analysis is conducted using Matlab/Simulink. Figure 3-13 shows the
schematic diagram of the simulated network with the parameters given in the
Appendix B. The vector control schemes adopted in the RSC and GSC are developed
based on [5]. A programmable voltage source is implemented to simulate various sag
conditions that can be experienced at the generator terminals.

Programmable

m Voltage Source
)

0.25 mH High-Pass
Filter

T prm—
= T ~

Figure 3-13 Schematic circuit diagram of the simulated network.

3.5.1  Symmetrical faults and voltage recovery process

The DFIG operation under symmetrical three-phase faults is tested by imposing a
60% type A sag with zero phase-angle jump (Point B; in Figure 3-2). The fault
current angle has been set to y = 80° and the machine rotates with o, = 1.2 pu. It is
known that the most critical electrical parameters during sag conditions are the stator
voltage, rotor current and dc-link voltage [27]-[28]. Figure 3-14 to Figure 3-16 show
the simulation results with three possibilities of the sag recovery (types Ao, A; and
A3). The stator-voltage waveforms, zoomed at the voltage recovery instant, are

shown in Figure 3-14. The main observations are as follows:

e Figure 3-15: The fault causes a large transient overcurrent of 1.75 pu in the
rotor winding at t = 0.1 s regardless of the recovery type. This overshoot is

originated from the natural response of the stator flux. The corresponding
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EMF component is fixed with respect to the stationary frame; thus, it
generates a current component with f =1.2 PU = 60 Hz in the rotor winding.
As the natural EMF decays to zero after 0.1 s, the RSC regains the
controllability of the current in the rotor winding and regulates it back to the
prefault command value. Note that there is no steady-state ripple during the
fault because the resulting voltage sag (type A) does not include any
negative-sequence component.

e Figure 3-16: Large overcurrents in the rotor winding lead to the sudden
increase of the active power injected from the RSC into the dc-link capacitor.
However, the partially-scaled GSC does not have enough capacity to
immediately transfer the superfluous power from the capacitor to the grid. As
a result, the dc-link voltage temporarily increases to 1.2 PU. Note that the
GSC capability to transfer the active power has been further decreased during

the fault because the grid voltage has dropped by 40%.

e Figure 3-15 and Figure 3-16: The overshoots in the rotor current and dc-link
voltage at the fault clearance instant vary depending on the voltage recovery
type. The most severe transients will be observed if the breakers are assumed
to clear the three-phase fault in one step (unrealistic type Ao). However, the
overshoots at ti are still smaller than the initial point-on-wave instant (t;) as
the GSC capacity to transfer the superfluous power will increase after the
fault clearance instant due to the full availability of the grid voltage.

e Figure 3-15 and Figure 3-16: The voltage recovery process will generate
smaller overshoots if the operational constraints of the circuit breakers are
taken into account and three-phase faults are considered to be cleared at the
natural zero-crossing points of the phase currents. By comparing the
simulation results for type Ao with types A; and Ag, it is clear that overshoots
in the rotor current and dc-link voltage decrease from 1.7 to 1.1 PU and from
1.15 to 1.03 PU, respectively. These observations can be justified by
analysing the sequence components of the stator-flux during the voltage
recovery process. For type Ay, the full voltage recovery will take place in one
step at the final point-on-wave (t;;). This would generate a large sudden

change of 0.4 PU in the stator forced flux. Consequently, a large natural flux
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component will be required to provide the continuity in the stator-flux

trajectory and large overshoots will appear in the rotor winding. However, for

types A; and As, the three-phase fault will be cleared in two and three

consecutive steps, respectively. According to Table 3-2, this means that the

type A; develops to type C, and the type As develops to type E,, and then

type By, before the full recovery, as shown in Figure 3-14. As a result, the

forced component of the stator flux gradually changes in two or three

consecutive steps and smaller natural flux components are required to avoid

the stator-flux discontinuity at each step.

Figure 3-14
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Figure 3-16 Dc-link voltage under three-phase faults (type A) with different possibilities

of the voltage recovery.

Figure 3-17 shows the influence of the fault current angle on the dc-link voltage at
the fault clearance instant. It can be seen that the overshoots in the dc-link voltage
increases by 10% when the fault current angle changes from 85° to 45°. Therefore, it
is concluded that more severe voltage recovery conditions will be experienced in the
DFIG-based wind farms connected to distribution systems or located offshore. Also
note that the dc-link voltage overshoot under the worst scenario (y = 45°) is still
smaller than the unrealistic voltage recovery overshoot of 1.15 PU (experienced in
type Ao). Similar observations have been made about other types of voltage sags with

different possibilities of voltage recovery.
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Figure 3-17 Influence of the fault current angle, y, on the dc-link voltage during the

voltage recovery process.

3.5.2  Asymmetrical faults and phase-angle jump

The DFIG operation under asymmetrical faults is examined through imposing a 60%
type C voltage sag at the wind generator terminals. Simulation results, presented in
Figure 3-18 to Figure 3-20, show the effects of the initial point-on-wave instant and
phase-angle jump on the DFIG transient response. For the theoretical analysis of
simulation results, the grid voltage is decomposed into the positive and negative

sequence components, given in Table 3-3. The main observations are:

e Figure 3-19: If the sag type C occurs at t; = T = 20 ms, the positive- and
negative-sequence components of the grid voltage are aligned in the same
direction (Point B; in Table 3-3: V. = 0.8L.0° and V_ = 0.2L_0°).
Consequently, the forced flux component will be equal to 1.0 PU just after
the fault instant and no natural flux component will be required to provide the
stator flux continuity. Likewise, there is no transient overshoot in the rotor
current or dc-link voltage. However, the presence of the negative sequence in
the stator voltage generates large current ripples in the rotor winding, with the
peak-to-peak magnitude of 0.6 PU and the frequency of (2-s)fs = 110 Hz.
Similar double-frequency oscillations (£2.3%) can be observed in the dc-link

voltage.
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Figure 3-19: The relative rotation speed of the positive- and negative-
sequence components of the grid voltage is equal to 2ws. Therefore, if the sag
occurs at t; = T/4 = 5 ms, the positive and negative sequence components of
the supply voltage will be aligned in the opposite directions (V. = 0.8_90°
and V_= 0.2L_-90°). In such an extreme case, the stator forced flux has the
minimum possible value just after the sag (equal to 0.6L_90°) and the large
natural flux response of 0.4 PU will be needed to avoid discontinuity in the
stator flux trajectory. This will generate large transient overshoots of 2.0 PU
and 1.2 PU in the rotor current and dc-link voltage, respectively. The natural
response decays after 0.1 s whereas the negative-sequence oscillations remain
unsuppressed during the fault period.

Figure 3-19: For offshore wind farms, the 60% voltage sag will be associated
with a phase-angle jump of -31°, i.e., Vsog = 0.6L_-31°. This sag condition
leads to the positive- and negative-sequence components of V., = 0.77L_-12°
and V_= 0.29L33° for the type C sag starting at tj= 0 s (refer to Point B3 in
Table 3-3). Accordingly, if the sag occurs at ti= T/4 = 5 ms, the sequence
components of the supply voltage just after the fault instant are equal to V., =
0.77L_78° and V_= 0.291_-57°; accordingly, the forced flux will be equal to
0.6L_58° and a natural response of 0.68_—37° is required in the stator flux
response. This would generate very large transient overshoots of 2.7 PU and
1.35 PU in the rotor current and dc-link voltage, respectively. In addition, the
double-frequency ripples in the rotor current and dc-link voltage will rise to
1.0 PU and +4.2 %, respectively, due to the increase in the negative-sequence

component of the supply voltage.

Figure 3-20 (a): Under normal operation conditions, the stator-flux space
vector traces a circular trajectory of 1.0 PU radius, imposed by the grid
voltage. Then, as the fault takes place, the flux trajectory changes to an
ellipse without any transients. The major axis of the ellipse corresponds to the
instants that positive and negative sequence components are aligned in the
same direction whereas the minor axis appears when they are aligned in

opposite directions.3
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e Figure 3-20 (b): The natural flux response of 0.4 PU forces the stator flux
trajectory to be positioned away from the origin just after the fault instant.
The natural flux component finally decays to zero with a speed proportional
to the stator winding time constant and the stator-flux elliptic trajectory will

be centred again at the origin.

e Figure 3-20 (c): Very large natural flux response of 0.68 PU has been
manifested in the stator flux trajectory by the large overshoot observed just
after the fault instant. Also, the axes of elliptic trajectory have been tilted by
45° since the positive and negative sequences of the grid voltage are in 45°
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Figure 3-18 Three-phase supply voltage waveform under 60% type C voltage sag with

different initial point-on-wave instants, without and with phase-angle jump.
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Stator flux trajectory under 60% type C voltage sag with different initial

(a) Bag Type c and t=T

steady-state
[ before sag

'
—_

" sag starts at t=T/4

1 | sag starts at steady-state
t=T/4 during sag
0.5}
D L
051
steady-state
-1y before sag
2 -1 0 1
¢XS
(b} Sag Type ¢, and t= Ti4
1 | steady-state « transients |
during sag during sag
0.5 :

-2 -1

1

{c) Sag Type c, and t= Ti4 {with Phase-Jump)

2z

| steady-state
during sag

—

steady-state
[ hefore sag

'
—_

Owershoot due

to Phase-Jurnp 7

-2 -1

1

point-on-wave instants, without and with phase-angle jump.

2

Table 3-3 Decomposition of the supply voltage into the positive/negative sequences.
| PointB; (0.6L0°) Point B, (0.6L_-31°)

Sag Type V. V_ V. V_
A 0.6L0 0.0 0.6_-31 0.0
c 0.85L_0 0.13L0 | 0.84L-7 | 0.19L32
( 0.8L.0 0.2L.0 0.771_-12 0.29L.33
D 0.8L.0 0.2L-180 | 0.77-12 | 0.29L_-147
F 0.73.0 | 0.13-180 | 0.71_-17 | 0.19L-147
G 0.730 0.13L0 0.71-17 0.19L.33
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353 Influences of sag parameters on the transient response of DIFG

In this section, the influence of the initial point-on-wave instant, sag depth, and
network impedance angle on the transient response of DFIG will be investigated. The
parameters of interest for this study are the peak values of the rotor current and dc-

link voltage, defined in per unit as

L max{ O L O L O}

r,peak — |

3-52

r,base

maxy| Ve (1) |
Vdc, peak — M 3-53

Vdc,base
To examine the influence of initial point-on-wave instant, the DFIG system is
subjected to various types of voltage sags with 60% remnant voltage and different
impedance angles. It was observed that the peaks in the rotor current and dc-link
voltage have periodic behaviour in each half cycle of the fundamental period.
Simulation results also show that the initial point-on-wave instant has no influence
on the peak values for three-phase faults (type A) because there is no associated
negative-sequence component. In contrast, the effect of this parameter is enormous
for asymmetrical faults. Figure 3-21 displays the peak values of the rotor current and
dc-link voltage versus the initial point-on-wave instant for 60% types C and D
voltage sags. Typical safety margins are also shown in Figure 3-21, equal to 2.0 and
1.25 PU for I, and Vg, respectively [35]. Comprehensive simulation results for sag
types A, C', D', C, D, G, and F have been summarized in Table 3-4. The main

observations are as follows:

e The maximum peaks for types C”, C, and G with no phase-angle jump take
place at tj=T/4 s (6; = 90°), whereas the highest peaks for types D", D, and F
occurs at the initial point-on-wave instant equal to zero (Table 3-4, 2™
column). Theses figures will change when the sag is associated with a phase-
angle jump. Generally, the most unfavourable initial point-on-wave
corresponds to the instant that the positive and negative sequence components
of the grid voltage are aligned in opposite directions, e.g., Opeak = 77° and

167° for sag types C” and D" with o = —60 °, respectively.
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The overshoots in the rotor current and dc-link voltage will significantly
increase and exceed the safety limits of the DFIG if the voltage sag is
associated with large phase-angle jumps. For example, if the impedance angle
changes from zero to —60°, the overshoots in I, and Vg will increase by 45—
60% and 20-40%, respectively. This observation is consistent with the
increase of the negative sequence component of the supply voltage when
voltage sags are associated with phase-angle jump (refer to Table 3-3). With
large phase-angle jumps, the minimum possible value of the forced flux (the
difference between positive and negative components) reduces and as a
result, larger natural flux responses will be needed to avoid the flux
discontinuity. Therefore, it is concluded that large phase-angle jumps
associated with voltage sag have significant detrimental impacts on transient
responses of DFIG-based WTs.

Under identical sag conditions, the largest overshoot of the rotor current is
observed under phase-to-phase faults, i.e. sag types C and D. The rotor
current under fault conditions is equal to the superposition of the positive,
negative, and zero sequence components. Phase-to-phase faults generate the
highest negative sequence components in the grid voltage; therefore, the
largest initial overshoot will be experienced in the rotor current in types C
and D as compared to other sag types (refer to Table 3-4). On the other hand,
the overshoot of the dc-link voltage is directly proportional to the amplitude
of the positive-sequence of the grid voltage [41]. According to Table 3-3,
type A sags give the lowest positive voltage sequence values; thus, the largest

overshoot in the dc-link voltage will be expected under three-phase faults.
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Table 3-4 Summarized simulation results for different types of faults
Fault (Sag a=0° o=—20° a=—60°
Type) Opeak (°) | lip | Vacpk | Opeak (°) | Trpeak | Vacpeak | Opeak (°) | lrpeak | Vicopeak
®-—g(C'&D" | 90&180 | 1.75 | 1.13 | 83&173 | 1.93 | 1.16 | 77&167 | 2.53 | 1.56*
O-—® (C&D) || 90&180 | 2.2 | 1.21 | 84&174 | 2.65 | 1.28 | 80&170 | 3.5** | 1.46
20-g (G&F) || 90&180 | 2.15 | 1.2 | 85&175| 2.45 | 1.26 | 82&172 | 3.25 | 1.41
30 (A) - 1.9 | 1.23 - 21 | 13 - 2.95 | 1.61

*) Most severe case in terms of the overshoot in the dc-link voltage.

**) Most severe case in terms of the overshoot in the rotor current.

Finally, to study the impact of sag depth on the DFIG transient response, the most

severe initial point-on-wave instants that produce the highest peaks in the rotor

current and dc-link voltage have been considered for various sag conditions. Figure

3-22 shows an almost linear relationship between the sag depth and peaks of the

rotor current or dc-link voltage, i.e., higher peaks will be observed as the sag depth

increases. These simulation results also confirm the validity of the observations made
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in the last subsection: large phase-angle jumps have significant detrimental impacts
on the DFIG response, and the most severe overshoots in the rotor current and dc-

link voltage are experienced for phase-to-phase and three-phase faults, respectively.
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Figure 3-22 Influence of the sag depth on the transient response of DFIG-based WTs
subjected to different types of faults.
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3.6 CONCLUSIONS

In this chapter, a new analysis into the transient response of DFIG-based WTs under
various symmetrical and asymmetrical fault conditions is presented. For the first
time, the impacts of phase-angle jump, voltage recovery process, and various sag
parameters (e.g., depth, type, instant on point-of-wave, impedance angle) are
examined. Extensive simulation studies are carried out and supported by theoretical

analysis. The main conclusions are summarized as follows:

e For symmetrical sags (type A), the natural response of the stator flux
generates large transient overshoots in the rotor current and dc-link voltage at
the beginning and the end of three-phase faults. However, if the operational
constraints of the circuit breakers are taken into account, the full voltage
recovery will take place in two or three consecutive steps and in turn, smaller
overshoots will be experienced at the fault clearance instant. For wind farms
connected to the distribution system or located offshore, overshoots during
the recovery process are expected to increase as the fault current angle
decreases notably.

e For asymmetrical sags (types B to G), steady-state oscillations as well as
transient overshoots are observed in the rotor current and the dc-link voltage.
The most unfavourable initial point-on-wave instants, with the largest
overshoots, have been identified for various sag types. This corresponds to
the instant that the positive and negative sequence components are aligned in

the opposite directions.

e The negative-sequence component of the grid voltage increases when the
voltage sag is associated with large phase-angle jumps. This has significant
detrimental impacts on the transient response of DFIG-based WTs located
offshore since the transient overshoots in the rotor current and dc-link voltage
can increase by 45-60% and 20-40%, respectively.

e Under identical sag conditions, the largest overshoots in the dc-link voltage
are experienced for three-phase faults (sag type A), while the highest peaks
for the rotor current are observed under phase-to-phase faults (sag types C

and D). Also, a linear relationship is obtained between the sag depth and
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peaks of the rotor current or dc-link voltage, i.e. higher peaks will be

expected as the depth increases.

In summary, this chapter identifies the difficulties associated with successful fault
ride-through of DFIG-based WTs. Based on the observations made in this chapter,
new current control schemes will be presented in Chapter 4 and Chapter 5 to enhance
LVRT and HVRT capabilities of DFIG-based WTs in compliance with the
international grid codes.
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Chapter 4. Enhanced hysteresis-based current regulators in
the vector control of DFIG-based WTs

4.1 INTRODUCTION

Simulation studies presented in Chapter 3 show that due to sluggish transient response of Pl
current regulators used in the RSC and GSC of DFIG-based WTs, the rotor current and dc-
link voltage may exceed the safety limits of the converters under various fault conditions. As
a result, the DFIG-based WT fails to comply with the LVRT regulations enforced by the
international grid codes. To address this problem, new current control schemes with improved

transient response must be incorporated in the vector control of DFIG-based WTs.

This chapter proposes an enhanced hysteresis-based current regulator in the vector control of
DFIG-based WTs. The proposed control scheme is synchronized with the virtual grid-flux
space vector, readily extractable by an enhanced PLL system. Identical variable-band
VBHCRs are then used to control the output currents of the RSC and GSC. It is shown that
the proposed current regulator has excellent steady-state performance and offers several
advantages compared to the commonly-used PI current regulator, including very fast transient
response, simple control structure, and intrinsic robustness to the machine parameters
variations. Moreover, the fixed hysteresis bands in the VBHCRs are replaced with equidistant
bands in order to limit the instantaneous variations of the switching frequency and reduce the
maximum switching frequencies experienced in the converters. Extensive simulation studies
are conducted to examine the operation of the proposed VBHCR under changing wind speed

and compare its transient and steady-state performances with the PI current controller.

4.2 DISCRETE FORMULATION OF THE RSC VOLTAGE VECTOR

In the conventional PI current control scheme, the RSC output voltage is considered as a
continuous and linear control variables, which is not an accurate assumption. The power

circuit of the RSC is shown in Figure 4-1(a). At each instant, the output voltage vector of the
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converter is defined based on the three-phase gating signals, i.e. Sa', Sy, and S . In phase a,
the current is flowing through the upper switch (Sy) if Sa = 1. Otherwise, the lower switch
(S4) is conducting the phase current (S, = 0). Using the same definitions for phase b and

phase c, the output voltage vector generated by the RSC can be defined as

Vv, :%vdc [(zs; ~D)+exp(j27/3)-(2S, —1)+exp(—j27/3)-(2S, —1)] 4-1

If all the possible combinations of gating signals are considered in (4-1), eight switching

states and consequently, eight output voltage space vectors are obtained, given by

2 .
V, ==V, e k-1)-7/3) ;k=12,---6
3 Vee 0 (i(k =) 7/3) 49
V, =V, =V, =0
Based on (4-2), the available discrete output voltage vectors consist of six non-zero (V1-Vs)
and two zero (Vo, V7) voltage vectors, as defined in Table 4-1 and displayed in Figure 4-1 (b)

[20]. Similar discrete definitions apply to the GSC output voltage.
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Figure 4-1 (a) Power circuit of the RSC, (b) Discrete representation of the RSC voltage vector

Table 4-1 Three-phase switching states, RSC voltage vector, and respective x-y components

Sa |Se | S| Vi | Va/Vae | Vy/ Vg

00| 0| Vo 0 0

1100} WV, 2/3 0

11110V, 13 13

0|1 |0] Vs | -13 13

0|1 ]| 1] V, -2/3 0

00| 1] Vs | -13 -1A3

1101 Ve 1/3 -1A3

111 ]1] Vy 0 0
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4.3 THE PROPOSED VECTOR CONTROL SCHEME FOR DFIG

43.1 Grid-flux-orientation

The stator-flux oriented frame is the most popular synchronization technique used in the vector
control of DFIG-based WTs [8]. In this method, the d-axis of the synchronous frame is fixed to
the stator-flux space vector and rotates anti-clockwise at the speed of ws, as shown in Figure
4-2(a). However, this synchronization technique needs the accurate estimation of the stator-
flux space vector at each instant, usually estimated through an open-loop observer (refer to
section 3.3.3). This means that the overall performance of the vector control scheme will be
highly dependent on the accurate detection of the stator-flux position, which can be a critical

problem under the distorted supply voltage condition or varying machine parameters.

As an alternative, if (3-3) is rewritten in the stationary frame, it can be observed that the space
vectors of Vs and ®; are positioned almost orthogonally, with a small drift due to the voltage
drop across the stator resistance. In medium and large induction machines, the stator
resistance is very small compared to the stator reactance (Rs £ 0.01Ls). Therefore, the
g-axis of the stator-flux frame is practically aligned with the supply-voltage space vector and
in turn, the instantaneous position of the supply voltage vector can be used for the controller
synchronization without any significant error [27]. Instead of directly using the supply-
voltage vector, this work uses the virtual grid-flux space vector (®) to fully acknowledge the
principle of the vector control method that requires a flux-linkage space vector for the
synchronization [5]-[6]. In this method, the d-axis of the proposed synchronous frame will be
aligned with the non-measurable grid flux space vector, as shown in Figure 4-2(b). Unlike the
conventional stator-flux-orientation approach, the phase-angle of the proposed synchronous
frame can be readily extracted using a well-known PLL system since the grid-voltage and the
grid-flux space vectors are positioned vertically. This is a notable benefit in the proposed

field-oriented vector control scheme.

However, the conventional PLL system cannot present accurate phase-angle estimation under
asymmetrical fault conditions because the second harmonics produced by the negative-
sequence component of the grid voltage will propagate through the PLL system and will be
reflected in the extracted phase angle [28]. To avoid this problem, an enhanced PLL system,
with an outstanding immunity to noise, harmonic and unbalance distortions, has been used in
this work [29]. The proposed PLL system, referred to as UTSP, gives a clean synchronization

signal extracted from the positive-sequence component of the supply voltage. Structural
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simplicity and performance robustness are other salient features of the proposed UTSP. The
control structure of the proposed UTSP system is given in the Appendix C.

q q
dd/dt
A V=V,

W5

(Dg A
> —>
o, d

(b)
Figure 4-2 Phasor diagrams for field-oriented vector control of DFIG; (a) Conventional stator-

flux-oriented frame, (b) Proposed grid-flux-oriented frame

4.3.2 Vector control of the DFIG-based WT

The stator voltage vector in the virtual grid-flux-orientated frame (GFOF) can be expressed
by Vs° = jVy, as shown in Figure 4-2(b). Therefore, based on (3-10), the active and reactive
powers of the stator winding can be defined as [4]

Py =1Vl =1.5V 1 4-3

Vsq
Qs :_1'5\/sq|sd :1'5\/sq(|rd - ) 4-4
oL

sbm
From (4-3) and (4-4), it can be observed that the independent control of the stator active and
reactive powers can be achieved through regulating the g- and d- components of the rotor
current vector, respectively. Therefore, the RSC controller can be configured as shown in
Figure 4-3:

1. Clarke’s transformation is used to obtain the vector representation of the measured
three-phase signals, i.e. to convert from (ls.3; and Vs.35) to (V¢ and 13) and from ;.34
to 1",

2. The rotor angle is directly measured using a high-resolution position encoder whereas

the synchronizing signal (the grid-voltage phase-angle) is extracted using the UTSP

system.

3. The stator-voltage and stator current vectors are transformed from the stationary frame
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to the GFOF, using (3-14).

4. Based (4-3) and (4-4), the DFIG active and reactive powers are calculated and
compared to their command values. The P signal is calculated based on the optimal
power-speed curve given by the wind turbine manufacturer and the angular speed of
the rotor at each instant (o;) [30]. The Q" signal is usually defined according to the
grid-code regulations [10].

5. The error signals AP and AQs are fed to the PI control blocks in order to calculate the
I"rq and I"q signals, respectively.
6. The rotor command vector (127) is transformed from the synchronous frame to the

rotor reference frame, using (3-15).

7. The rotor command vector (17") along with the measured current vector (11) are fed to
the proposed hysteresis-based current regulator to directly generate the appropriate

gating signals for the RSC, i.e., to define S, , S, and S .

Similarly, the GSC vector controller is configured as shown in Figure 4-3:

1. Two PI control blocks are used to calculate the 1"y and g4 current components from

the error signals of AV and AQy, respectively.

2. The GSC current command vector (IZ*) is transferred from the synchronous frame to
the stationary frame, using (3-14).

3. Clarke’s transformation is used to obtain the vector representation of the measured

GSC three-phase current ( '3—3¢)-

4. The GSC actual current vector (IZ) along with the current command vector (IZ*) are

fed to the proposed equidistant-band VBHCR to generate appropriate gating signals in
the GSC.
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Figure 4-3 Schematic diagram of the proposed grid-flux-oriented vector control scheme for
DFIG-based WT
4.4 PRINCIPLES AND CONTROL STRUCTURE OF THE VBHCR

Two identical equidistant-band VBHCRs have been used to control the output current of the
RSC and GSC. Based on (3-13), it can be said that the utilization of the proposed current
regulator in the GSC is similar to the conventional grid-connected VSCs, as comprehensively
studied in [20]. Therefore, this chapter explores the principles and the control structure of the
proposed VBHCR in the RSC of DFIG-based WTs.

This current regulator was originally proposed by the author for the conventional VSCs,
showing a superior performance under the steady-state and transient operation conditions
[20]. It was demonstrated that the proposed VBHCR retains the inherent advantages of the
conventional hysteresis method (such as the excellent transient performance, simple hardware
implementation, outstanding stability, and robustness to the machine parameters variations),
but removes its disadvantages in three-phase applications (such as very high average
switching frequency and large oscillations in the output current) [20]. Moreover, the proposed
VBHCR is superior to other vector-based methods proposed in the literature because it avoids
the redundant control actions observed in [21]-[22], has a simpler structure as compared to
[23], and suppresses the current vector oscillations more effectively than the methods reported
in [24]-[25]. The fixed hysteresis bands in the proposed VBHCR are replaced with equidistant
bands to limit the instantaneous variations of the switching frequency and reduce the

maximum switching frequency experienced in the converters.
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441  Principle of the proposed VBHCR implemented in the RSC

The proposed VBHCR is designed to control the output current of the RSC in the rotor
reference frame. Therefore, the RSC output voltage must be expressed in the x-y frame.
Substituting ® with @, in (3-16) results in

di’  do!
_l’_—
dt  dt

VI=RIM+L, 4-5

If the current error vector is defined as I}, = IT" — 17, the differential equation describing this

vector can be derived as

dif = .
L, d;’e +R 1T, :LG%+ RIT —(v;—eg) 4-6

where ey = d®; /dt is the back electromotive force (EMF) voltage vector. Based on (4-6),

the current error vector changes with the time constant of L, /R, and is influenced by the
current command vector and its derivative, as well as, the RSC output voltage and the back
EMF vectors. If the rotor resistance is neglected in (4-6), the desired output voltage vector to

nullify the current error vector can be expressed according to

r-k
Vi =ef+L, dl, 4-7
dt
Substituting (4-7) in (4-6) gives
di;, RVIRY 4.8

° gt r r
From (4-7) and (4-8), it is clear that the information about back EMF voltage vector and
derivative of current command vector are required to nullify the tracking error in the RSC.
However, it is not practically easy to measure the back EMF voltage vector or current
derivatives. An indirect technique has been used in this paper to tackle the problem and
extract the required information from the desired output voltage vector [24]. Suppose that the
V" space vector is located in Sector | in Figure 4-1 (b). Based on (4-8), the error derivative
vectors with respect to various output voltage vectors of the RSC (Vo-V7) can be defined as
shown in Figure 4-4. Small current deviations (dl',¢/dt) are required to follow the current
command with the minimum possible switching frequency. That is, the voltage space vectors
adjacent to V," must be applied in the RSC to attain the desired optimal switching pattern,
e.g. V1, Vo, Voand V7 in Sector 1. If this switching pattern is to be generated in the RSC, two
adjacent non-zero voltage vectors along with Vo and V7 are the only vectors that will be

selected to reduce the tracking error. Therefore, the resulting switching pattern will be similar
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to the well-known SVM technique under the steady-state condition [24]. On the other hand,
for fast tracking response under transient conditions, non-zero voltage vectors with high
current error derivatives must be applied to force the RSC output current inside the hysteresis
bands as fast as possible. It must be noted that the proposed switching method operates only
based on the position of the ;" vector.

V; B dl Jdt |vs

dl, . /dt v,
1. J/dt lvoir-/

¥

dl,. /dt |\"4_” N\ . il \\\\dl,.,(,/a’l lvi
V4 VO 3V7 : V]
| dL,Jdt v
L, Jdt |ys
VS V()
Figure 4-4 Derivatives of the current error when the V,” vector is located in Sector |

4.4.2  Control structure of the proposed VBHCR

Referring to Table 4-1, it is observed that the output voltage vector of the RSC can have four
and three different values in the x- and y- axes, respectively. This fact can be used to equally
divide the rotor complex frame into six 60°-sectors, as shown in Figure 4-1 (b). Therefore, the
proposed VBHCR employs 4-level and 3-level hysteresis comparators for the x- and y-
current tracking errors, as displayed in Figure 4-5(a). Digital outputs of comparators (D, and
Dy) are then fed to the switching table in order to calculate the RSC output voltage vector at
each instant. Figure 4-5(b) shows the practical implementation of the 4-level hysteresis
comparator, with the overall bandwidth of 8+Ad, used in the x-axis.

The bandwidths of hysteresis comparators are tuned based on the tracking accuracy requested
from the current regulator. Smaller hysteresis bands give more restricted oscillations in the
RSC output current, but it is achieved at the expense of higher switching frequencies.
Therefore, there is always a trade-off between the controller tracking accuracy and the
consequent switching frequency.

It is clear that the proposed current regulator is a robust method because it only uses local
measurements of the current and is independent of system parameters. Also, it has inherent

current limiting properties and very fast transient response since it directly controls the
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instantaneous value of the rotor current. The implementation of this method is very simple

and the computation time is minimal [20].
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Figure 4-5 (a) Implementation of the proposed VBHCR in the RSC (b) Four-level hysteresis

comparator

Table 4-2 Switching table for the proposed VBHCR

Dy
0 1 2
Dx
0 Vs V, V3
1 V5 Vo V3
2 V5 Vo VZ
3 V5 V1 VZ

For every one sixth of the fundamental period, both x- and y- comparators remain in one
specific hysteresis loop, which can be used to detect the sector position of the V" vector.
Then, zero voltage vectors and two non-zero voltage vectors adjacent to V,” will be selected
to reduce the tracking error of the RSC. For example, suppose that x- and y- comparators are
respectively located in the middle and the top hysteresis loops, i.e. Dy=1or 2 and Dy=1 or 2.
According to Table 4-1, the V," position is detected in Sector Il and the optimal voltage
sequence of Vg, Vy, V3, and V7 will be selected to be applied in the RSC. Under these
circumstances, if e, = I, — lyand e, = I, — I, hit the higher hysteresis bands of 3+A5/2 and
d+AJ, respectively, digital outputs of comparators will become equal to Dy = 2 and Dy, = 2.
This necessitates the V, voltage vector to be generated by the RSC so that both x- and y-
components of the rotor current increase. Likewise, if Dy =1 and Dy = 2, the V3 vector must
be applied to reduce the I, component and simultaneously increase the I, component. Zero
voltage vectors must be selected in other cases. Further reduction in the switching frequency

can be attained by the appropriate selection of the zero voltage vector between Vyand V7. The
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V, vector must be chosen if the present output voltage vector of the RSC is equal to V1, V3, or
Vs. In this case, only one inverter leg must be switched to obtain the zero-voltage vector in
the RSC output. In the same way, the V7 vector will be selected if the RSC state comes from
V2, Vg4, or V. It must be noted that even though the decision boundary looks like to be in a
rectangular shape, the switching table has an inherent mapping characteristic that forms a
hexagonal switching pattern with symmetrical 60° sectors (as shown in the below).

As the time passes, either the x- or y- comparator will move to the next hysteresis loop. This
indicates that the position of the V," vector has changed to the next sector in the rotor frame;
therefore, a new optimal switching sequence must be selected from Table 4-2. The resulting
switching pattern will be constituted of six 4-state optimal voltage vectors sets, which
matches with six 60°-sectors of the fundamental period. It is therefore clear that the proposed
VBHCR generates an improved switching pattern similar to the widely-used SVM technique
that significantly reduces the average switching frequency of the RSC and suppresses the

oscillations in the output current vector.

The overall switching pattern generated by the proposed current control strategy is shown in
Figure 4-6. It is evident that the generated switching pattern constituted of six consecutive 4-
state optimal voltage vectors sets. This will exactly matches with six 60°-sectors of a
fundamental period, as proven in the following. It is therefore evident that in the proposed
VBHCR, the switching frequency of the VSC is significantly reduced by the systematic
implementation of zero and non-zero voltage vectors, similar to the switching pattern

generated by the well-known SVM technique [see Appendix D].
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Figure 4-6 The RSC switching pattern for the proposed VBHCR
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4.4.3  Variable hysteresis bands

The proposed VBHCR considerably reduces the average switching frequency (ASF) of the
converter by the systematic application of zero voltage vectors. However, the instantaneous
switching frequency varies widely during the fundamental period and may exceed the safety
limits of the converter switches at certain conditions, specifically near the zero crossing points
of the reference current. Therefore, lockout circuits must be incorporated to limit the
maximum switching frequency (MSF), leading to severe current distortions and large error
over-reaches. This problem partly arises from uneven lateral distance of hysteresis bands
during the fundamental period. Very high switching frequencies occur around zero crossing
points because the lateral distance of hysteresis bands is much smaller near those points as

compared to the peaks of the reference current.

Two types of variable hysteresis bands have been proposed in the literature to address this
problem and reduce the MSF of converter: adaptive and equidistant hysteresis bands. The
former removes interphases dependency and achieve fixed switching frequency with low
current ripples [31]-[33]. However, adaptive hysteresis bands typically require extra signal-
processing and complex control structure, suffer from stability problems, and show degraded
transient performance [33]. The equidistant hysteresis bands, on the other hand, are very
simple methods to reduce the MSF and limit the instantaneous variations of the switching
frequency of converter [34]. Fixed switching frequency is not achieved, but the simplicity,
outstanding stability, and very fast transient response of the conventional hysteresis method
are retained. It can be say that the vector-based method and equidistant hysteresis bands are

complementary when applied to the converter of DFIG.

In this thesis, the fixed hysteresis bands in the proposed VBHCR are replaced with the
equidistant bands proposed in [34]. In this method, a suitable percentage of the band height is
subtracted at areas close to the peaks, giving almost even lateral distance from upper and

lower bands during the fundamental period. The equidistant hysteresis band (1) is defined by

A - 4-9
A'=——1-|ksin(@
T - lksin))]
where k is a constant with the optimal value of 0.3 [34]. If the equidistant bands defined in
(4-9) are used in the proposed VBHCR, a more homogenous switching pattern will be
generated with smaller variations of the instantaneous switching frequency over the

fundamental period and smaller MSFs near the zero crossing points of the reference current.
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4.5 SIMULATION RESULTS

Simulation studies have been carried out in the two phases. First, the wide-ranging behaviour
of the proposed VBHCR is evaluated for a typical VSC supplying a load. Then, the proposed
VBHCR is implemented in the vector control of DFIG-based WTs, where its steady state and

transient performances are thoroughly examined.

e Proposed VBHCR implemented in grid connected VSCs

In this section, the proposed VBHCR is implemented in the conventional VSCs in motor
drive applications. Simulations studies are carried out to examine the wide-ranging behavior
of the proposed current regulator at extreme modulation indexes. The main reason to perform
simulation for the conventional VSCs is that this system is a well-understood and less
complicated as compared to the DFIG-based WTs. Therefore, the performance of the

proposed current regulator can be focused more easily.

Figure 4-7 shows the circuit diagram of a conventional three-phase VSC connected to a load.
The simulated load includes a three-phase sinusoidal counter-emf voltage source in series
with an inductance and a resistance, which represents an induction motor with R and L are the
equivalent stator resistance and inductance, respectively. Detailed discussion about the system

as well as the simulation parameters are given in Appendix D.
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Figure 4-7 Circuit diagram of a PWM-VSI supplying an induction motor

Figure 4-8 shows the VSC output current/voltage vector components in the «-f frame and the
converter phase signals when the induction machine is running close to the synchronous
speed (very low counter-emf voltage). Simulation results are given for the conventional
hysteresis current controller, the vector-based Method Il proposed in [73], and the VBHCR
proposed in this thesis (Method 111). It can be seen that the interphases dependency in the
conventional method causes highly oscillating currents associated with an irregular switching
pattern. In contrast, vector-based methods (specially the proposed VBHCR) manage to

noticeably suppress the current vector oscillations. This has been achieved by systematic
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application of zero voltage vectors in the VSC switching pattern and the consequent phase
voltage. Consequently, there has been a significant reduction in the VSC switching frequency,

as shown in Figure 4-10(a).

Similar simulation results for the high counter-emf voltage (large slips) are presented in
Figure 4-13 and Figure 4-10(b). In such an extreme case, the counter-emf vector will
effectively counteracts the VSC output voltage vector as in (4-6). Hence, a reduced oscillating
output current with a more regular switching pattern is produced by the conventional hystresis
current regulator. Identical observations as in the case of low counter-emf can be made in this
case. It is also observed that the improvement achieved by the proposed VBHCR is more
significant under low counter-emf values and the switching frequency reduces as the motor

slip increases.

Further simulation results are presented in Appendix D. The main observations are as follows:
1) scrutinized evaluation of the proposed VBHCR shows that the proposed current regulator
exhibits a uniform performance around the current trajectory; 2) the superior transient
response of the conventional hysteresis method is retained by the proposed VBHCR, while
the steady state current oscillations are suppressed notably; (3) the proposed VBHCR
constrains the current error trajectory within the assigned rectangular tolerance region; 4)
considerable reduction in the average switching frequency of the VSC is achieved using the
proposed VBHCR (about 30% reduction); and 5) the proposed VBHCR can be successfully
implemented in more demanding applications such as active power filters, where the VSC

current is to track a highly non-sinusoidal current signals.
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e Proposed VBHCR implemented in DFIG-based WTs

Finally, simulation studies for the proposed VBHCR in the DFIG-based WT
applications are carried out in three main directions, as listed in [35]: (1) the
operation of the proposed vector control scheme under changing wind speed is
thoroughly examined, (2) the steady-state performance of the proposed VBHCR is
compared with the widely-used PI current regulator, and (3) the transient responses
of current regulators are compared under the most stringent LVRT regulations

enforced by the Australian grid code.

Figure 4-11 shows the schematic diagram of the simulated system with the
parameters given in the Appendix B. A single DFIG-based WT is connected to the
main grid through a step-up transformer and 10 km distribution feeder. Equidistant
hysteresis bands have been used in the simulation studies and the bandwidths of
comparators are set to 6 = Ad = 0.02 PU in the RSC and 6 = Ad = 0.0125 PU in the
GSC. Using these parameters, an acceptable trade-off between the current tracking

accuracy and the consequent switching frequency is obtained, as shown in the below.
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Figure 4-11

Circuit diagram of the simulated network
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45.1  Operation under changing wind speed

In the first step, the mechanical input torque to the DFIG is externally specified in
order to emulate the power extracted from the turbine. The lumped inertia constant of
the system is intentionally set to the very small value of 0.025 s to have similar
mechanical and electrical time constants and obtain a better illustration. Figure 4-12
shows the simulation results with a ramped-up wind speed between 0.3 to 0.5 s and a
step-change in the reactive power command signal from zero to —-0.2 MVAR at
t=0.7s.

For 0.1 <t < 0.3 s, the wind speed is equal to 7.8 m/s and the machine rotates at @, =
0.9 PU based on the simulated optimal power-speed curve. This gives the active
power generation of 0.4 MW in the stator winding. However, since the DFIG rotates
at subsynchronous speed with s = +0.1, ten percent of the active power generated in
the stator winding is fed back to the machine through the converters [30].
Accordingly, the proposed grid-flux-oriented vector control scheme regulates (g,
lrq) to (0.35, 0.3) PU and (lgg, lgg) to (0, —0.02) PU, in order to attain the desired
active and reactive powers production in the machine and the GSC. The three-phase
rotor current rotates with the slip frequency of 5 Hz (wsiip = @s—wr = 0.1 PU), whereas
the GSC current always has the fundamental frequency of 50 Hz, imposed by the
supply voltage. As a result, the position of VV," and Vgs* voltage vectors change in an
incremental order from Sector | to Sector VI with f, = 0.1 PU =5 Hz and f; = 1.0 PU
=50 Hz, respectively.

As the wind speed ramps up to 10.5 m/s between t = 0.3 and 0.5 s, the rotor
accelerates from 0.9 PU to 1.2 PU and the active power production of the DFIG-
based WT increases to 0.9 MW. The machine operates in the super-synchronous
mode; thus, the active power is delivered to the grid through both stator and rotor
windings (Ps= 0.75 MW and Py = 0.15 MW). Note that changes in the active power
of the stator winding and the GSC have been obtained through the variations in the g-
components of the command current signals, while the d-components are kept
constant. Similarly, the 1y~ component has been decreased from 0.35 to 0.1 PU at
t = 0.7 s to change the reactive power of the stator winding from zero to -0.2 MVAR.

This demonstrates the independent control of the active and reactive powers by the
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proposed grid-flux-oriented vector control scheme.

For t > 0.5 s, the three-phase rotor current rotates with the frequency of 10 Hz (wsjip =
ws—or = —0.2 PU), where the negative sign of the slip frequency is manifested in the
reversal of the sequence of the three-phase current flowing in the rotor winding (from
a-b-c to a-c-b). As a result, the V," position rotates clockwise from Sector VI to
Sector | with f =10 Hz, while the V" position still changes incrementally from
Sector | to Sector VI with f =50 Hz. It is finally worth noting that during the
synchronous operation around t = 0.4 s, no active power is transferred from back-to-
back converters connected to the rotor. Therefore, the GSC current amplitude
decreases to almost zero and the V," position is held unchanged in Sector I.

Simulation results, presented in Figure 4-12, show the excellent tracking
performance of the proposed current regulator under extremely demanding
conditions, i.e., under very fast variations of the wind speed over short period of time
(0.2 s). Similar observations can be made when the DFIG works under random wind

speed variations in longer periods of time.
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Figure 4-12 Simulation results as the wind speed varies from 7.8 m/s to 10.5 m/s.

Figure 4-13 shows the detailed operation of the proposed equidistant-band VBHCR
in the RSC, subjected to a step-change in ;4 at t = 0.7 s. Both x- and y- comparators
are first located in the lowest hysteresis loop, i.e., Dy =0 or 1 and Dy = 0 or 1.
According to Table 4-1, this indicates that the \/," vector is positioned in Sector IV

and the optimal switching sequence of Vg, V4, Vs, and V7 is selected to be applied in



Chapter 4: Enhanced hysteresis-based current regulators... 90

the RSC. In this case, Figure 4-13(a) and Figure 4-13(b) show that the proposed
VBHCR keeps the tracking error (e, and ey) within the inner hysteresis bands of 5.
The digital outputs of multi-level comparators and the consequent switching pattern
of the RSC are shown in Figure 4-13(c) and Figure 4-13(d), respectively. It is clear
that under the steady-state condition, the zero voltage vectors are systematically
applied in the RSC for most of the time, leading to a drastic reduction in the
switching frequency of the RSC. Then, the .4 changes at t = 0.7 s and the V,"
location jumps to Sector | due to the second term in (4-7). Under this transient
condition, the proposed current hysteresis-based regulator selects the non-zero
voltage vectors (e.g., the V; vector) to quickly force the RSC output current vector
back inside the hysteresis bands within a very short response time of 2 ms.
Thereafter, the steady-state operation of the current regulator is followed in Sector
Il.

(a) I, and its corresponding hysteresis bands

0.69 0.69% 0.7 0705 071

L8 Iry atd its corresponding hysteresis bands

0.69 0695 0.7 0705 071

() Digital outputs of multi-level hiysteresis comparators

;'_!ﬂ”HEHH!HH, T ],

(d) Output woltage wector of the B30 ( \f: 3

T

0.69 0.695 0705 071

(=)

Time [5]
Figure 4-13 Detailed operation of the proposed VBHCR subjected to a step-change in I

(zero voltage vectors are shown as V, for the sake of clarity).
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45.2  Comparison of the steady-state performances

The steady-state performances of the proposed VBHCR and the standard Pl current
regulator are compared in terms of the harmonic distortions of the DFIG output
current and the average switching frequencies of converters. Optimal tuning of the Pl
controller gains is essential to attain an accurate comparison between the current
regulators. Therefore, internal mode control is first used to have an educated guess
about the PI gains where the optimum bandwidth of the current control loop is
estimated equal to 0.8 PU, i.e., 10%-90% rise time of 10 ms [36]. Then, numerous
trail-and-error simulation sets were conducted to obtain the most optimized gains in

the P1 units, as given in the Appendix B.

The harmonic content of the DFIG output current varies with the rotation speed of
the machine and the most severe harmonic distortion is expected at the highest slip
values when a larger proportion of the total machine current is transferred through
the back-to-back converters. Therefore, the rotor speed has been set to 1.25 PU to
examine the output current of the DFIG under the most severe operation condition.
Figure 4-14 shows the harmonic spectra when different current regulators have been
used in the RSC and GSC (dashed lines show the IEEE Standard limits). In case of
the PI current regulator, the total harmonic distortion (THD) is equal to 3.2% with a
well-predictable frequency spectrum where harmonic components only exist at
frequency orders of nfw+1, e.g., 23" 25" 47" 49" etc.) [20]. In contrast, the
proposed equidistant-band VBHCR gives an output current with harmonic
components spread over a wide frequency range and the THD of 4.1%. However, the
THD level and the amplitudes of the individual harmonic components are still well
below the permitted distortion limits suggested in IEEE Standard 15471 and IEC
Standards [37]-[38].
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Figure 4-14 Harmonic spectrum of the DFIG output current with (a) PI current regulator
(b) Proposed equidistant-band VBHCR (dashed line: IEEE harmonic limits [37])

Figure 4-15 shows the number of switching in phase ‘a’ of the RSC with different
current regulators. The simulation time frames are set equal to twice the fundamental
period of the rotor current, i.e., equal to 0.8 and 0.16 s when the DFIG operates with
s =0.05 and s = 0.25, respectively. It can be seen that for the VBHCR, the switching
frequency stops rising for half of the fundamental period, as expected from the
proposed switching table [20]. Average switching frequencies of the RSC and GSC
with various current regulators are summarized in Table 4-3. It is evident that: (1) the
Pl current regulator gives a fixed switching frequency specified by the carrier
waveform, e.g., 1200 Hz in this study; (2) the switching frequency of hysteresis-
based methods varies with the rotation speed of the machine; (3) the highest
switching frequencies will be observed when the converters are controlled by the
conventional hysteresis method and the DFIG operates with high slip values; (4) the

switching frequency of the GSC is always larger than the RSC because smaller
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hysteresis bands are used in the GSC; (5) the average switching frequencies decrease
by 30-60% if the proposed vector-based current regulator is implemented in the RSC
and GSC; and (6) a further reduction of 10-30% can be attained when the fixed

hysteresis bands are replaced with the equidistant bands.

The main conclusion is that the proposed equidistant-band VBHCR will generally
lead to smaller average switching frequencies as compared to the conventional Pl
current regulator, in view of the fact that wind generators are designed to rotate close
to their synchronous speed for the most prevalent wind speed of the site. Further
simulation studies have shown that by using equidistant hysteresis bands, the
proposed current regulator can adequately operate with the MSF limited to 6 kHz.
This figure will increase to 10 kHz when the conventional fixed bands have been
used in the proposed VBHCR.
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Figure 4-15 Number of switching in phase ‘a’ of the RSC when DFIG operates with (a) S
=0.05 and (b) s = 0.25.
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Table 4-3 Average switching frequency in the RSC and GSC with various types of

current regulators

Conv. PI Conv. Fixed-Band Equidistant-Band
Current 1\ ith svM HCR VBHCR VBHCR
Regulator
s=0.00r0.25|s=0.05[s=025|s=0.05|s=0.25|s=0.05|s=0.25
RSC 1200 1680 2100 660 1410 450 1230
GSC 1200 1810 2400 780 1680 560 1430

45.3  Comparison of the transient performances

The transient responses of current regulators are evaluated under the most stringent
LVRT requirements outlined in the Australian grid code. First, a three-phase fault,
with the remnant voltage of 0.15 PU for 120 ms, is simulated to examine the LVRT
capability of the proposed control scheme under symmetrical fault condition. Sag
type A; with the fault current angle of y = 45° is considered, which corresponds to
the most onerous fault condition experienced in offshore wind farms [see section
3.5.1]. Figure 4-16(a) and Figure 4-16(b) compare the DFIG responses to this fault
condition with the PI current regulator and the proposed VBHCR.

In this thesis, comparisons are made between the proposed VBHCR and the standard
Pl current regulators. However, it must be noted that the PI current regulator is
considered as a benchmark of the current practice because almost all of the industrial
DFIG-based WTs are utilizing this control strategy, mainly due to its simplicity. That
is, the standard PI current regulator is selected as the most popular control strategy

but is not the optimal or ultimate control approach that exists in the literature.

From the simulation results with the conventional PI current regulator, it can be seen
that the zero-sequence component of the stator flux causes the rotor current to exceed
the RSC safety limit at the fault onset [34]. Also, large inrush current in the rotor
winding leads to sudden increase of the active power injected from the RSC into the
dc-link capacitor. The partial-scale GSC, working below the nominal voltage level,
does not have enough capacity to immediately transfer the superfluous power from
the capacitor to the grid [15]. As a result, the dc-link voltage rapidly increases to 1.5

PU, which is far beyond the safety limits of the capacitor. Similar observations are
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made at the fault clearance instant. Therefore, it is evident that the DFIG-based WT

cannot ride-through the fault using the conventional P1 current regulators.

Figure 4-16(b) shows the fault response of DFIG with the proposed control scheme.
In this case, the VBHCR used in the RSC can limit the rotor current within the
designated hysteresis bands, i.e., the RSC works independent of the supply voltage
waveform. Also, since the proposed VBHCR prevents large inrush currents in the
rotor winding, the dc-link voltage fluctuations are significantly reduced and kept
below the safety limits. Also, the electromagnetic torque overshoots are notably
decreased. This alleviates the mechanical stress imposed on bearing of the turbine
shaft. Hence, it can be stated that the proposed VBHCR enhances the low voltage
ride-through capability of the DFIG, as requested by the Australian grid code.

It is must be noted that although the proposed VBHCR outperforms the standard Pl
current regulator under fault conditions, this does not mean that the proposed current
regulator is the optimal controller as it needs to be further tested against other non-

linear control approaches such as the predictive methods proposed in [18] and [19].
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Stator voltage, rotor current, dc-link voltage, and electrical torque for DFIG

under a three-phase fault with: (a) the standard PI current regulator, (b) the proposed current

regulator (dashed lines show the safety margins of the rotor current and dc-link voltage).

Figure 4-17(a) and Figure 4-17(b) compare the system responses under a severe

asymmetrical sag condition with Vg = 0.15L—30°. For the simulation results with

the standard PI current regulator, the zero- and negative-sequence components of the

stator flux cause the rotor current to exceed the safety limits of IGBTs shortly after

the fault occurrence. The natural response of the stator flux decays after 50 ms while

the oscillating impact of the negative-sequence component will be observed during
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the fault period. This negative sequence component of the stator flux produces rotor
current oscillations with a peak-to-peak value of 1.8 PU at the frequency of
fr= (2-s)f; = 2.2 PU = 110 Hz. However, if the proposed VBHCR is implemented in
the RSC, the rotor current oscillations will be constrained within the designated
hysteresis bands and DFIG can successfully ride-through the fault. From Figure
4-17(b), it is also evident that the dc-link voltage is kept below the safety margin and
pulsations in the electromagnetic torque have been reduced notably using the
proposed VBHCR.
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Figure 4-17 Stator voltage, rotor current, dc-link voltage, and electrical torque for DFIG
under a two-phase fault with: (a) the standard PI current regulator, (b) the proposed current

regulator (dashed lines show the safety margins of the rotor current and dc-link voltage).
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Figure 4-18 compares the operation of the conventional PLL system and the
proposed UTSP under a type C* voltage sag with the remnant voltage of 0.6 PU. It
can be seen that for the conventional PPL, the negative-sequence of the grid voltage
causes a double-frequency ripple with the error amplitude of 0.45 rad in the extracted
phase-angle [28]. This erroneous estimation undermines the performance of the
DFIG vector control scheme as it produce non-sinusoidal current command signals
for the converters. However, the proposed UTSP works completely unaffected to the

distortion in the supply voltage waveform.
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Figure 4-18 Synchronization signal estimated by the conventional PLL system and the
proposed UTSP under single-phase-to-ground fault

4.6 CONCLUSIONS

In this chapter, a novel grid-flux-oriented vector control scheme is proposed to
control the rotor-side and grid-side converters of DFIG-based WTs. The UTSP
system is used to extract the synchronization signal and variable-band VBCHRs are
implemented to control the output currents of the RSC and GSC. The proposed
current regulator is comprised of two multi-level hysteresis comparators integrated
with a switching table. The main advantages of this current regulator are its very fast

transient response, simple control structure, and intrinsic robustness to the machine
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parameters variations. It also exhibits an improved steady-state performance
compared to the conventional hysteresis method.

Simulation studies confirm the validity of the proposed vector control scheme under
varying wind speed conditions. It is also observed that the average switching
frequency of the proposed VBHCR is smaller than the PI current regulator, with an
acceptable harmonic distortion in the output current. Finally, the transient responses
of the proposed VBHCR and the standard PI current regulator are compared under
the most stringent LVRT requirements stipulated in the Australian grid code.
Simulations results show that the proposed current regulator has a superior tracking
performance and successfully complies with the Australian LVRT requirements. In
the next chapter, a hybrid current control scheme is proposed as a combination of the
VBHCR and the standard PI current regulator. It will be shown that the proposed
hybrid current control scheme can enhance the LVRT and HVRT capabilities of
DFIG-based WPPs in compliance with the latest international grid codes.
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Chapter 5. Low and high voltage ride-through of DFIG-

based WTSs using hybrid current controlled converters

5.1 INTRODUCTION

In Chapter 4, an enhanced hysteresis-based current regulator was proposed to
improve the transient response of DFIG-based WTs. The proposed VBHCR has a
very fast transient response which enables the DFIG to comply with the most
stringent LVRT and HVRT regulations imposed by international TSOs. There is
however a problem associated with this current regulator: the switching frequency of
the converter changes over one fundamental period (although the average switching
frequency is less than the well-known SVM modulation method). If this variable
switching frequency and its associated thermal problems can be handled by the heat
sink utilized in the power converters, then the proposed VBHCR can be implemented
with no problem. However, the converter designers prefer to utilize control strategies
with constant switching frequency in some cases. In such cases, a combination of the
conventional PI current regulator and the VBHCR could be the solution.

This chapter introduces a novel hybrid current control scheme to improve both
LVRT and HVRT capacities of DFIG-based WTs, in compliance with the latest
international grid code requirements. The proposed current control scheme is
constituted of two different switching strategies integrated with a supervisory control
unit. Under normal operating conditions, standard Pl current controllers (with
optimal steady-state response) are used to regulate the output currents of the RSC
and GSC. However, the standard P1 current controllers have very limited control
bandwidth, which is not adequate for LVRT and HVRT purposes. Therefore, upon

detecting a grid disturbance, the supervisory control unit transfers the switching
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strategy of converters from the Pl method to the hysteresis-based methods.
Simulation results in Chapter 4 showed that the proposed VBHCR has very fast
transient response and is insensitive to the system parameters variations. However,
long-time operation of VBHCRSs is preferred to be avoided due to its variable
switching frequency. Therefore, the VBHCRs are kept activated only for transient
fault periods in order to mitigate the rotor current oscillations and keep the dc-link
voltage within the design limits. Once the DFIG operation returns within the safety
margins, the standard PI current controllers will be activated again. A re-initialization
mechanism is integrated to attain a seamless transition of the switching strategy used
in the RSC and GSC. It must be noted that although the proposed hybrid current
controller increase the control complexity to some extent, it does not raise the overall

system cost as all the modifications are to be made in the control logic.

5.2 PROPOSED HYBRID CURRENT CONTROL SCHEME

Figure 5-1 shows the schematic diagram of the proposed hybrid current controller,
consisting of four main blocks: the supervisory control unit, standard PI current
regulators, the VBHCRs, and the re-initialization units. The PI current controllers
regulate the RSC and GSC output currents during normal operating conditions
whereas the VBHCRs will be activated when a grid disturbance is detected by the
supervisory control unit. Re-initializing units are also integrated to achieve a
seamless transition between the current regulators. The operation principles of the
conventional Pl current controller and the proposed hysteresis-based current
controller are already investigated in Chapter 3 and Chapter 4, respectively. Hence,

this chapter concentrates on the transition mechanism between the current regulators.

5.2.1 Conventional PI current controller

The principles and implementation of the conventional Pl current regulators in the
vector DFIG-based WTs are presented in section 3.3.3.1. It was mentioned that in the
RSC, the tracking error between the reference and the actual current vectors in the
synchronous frame are processed by a Pl compensator in order to estimate the
required voltage control vector (U,%) at the RSC terminals and then, the converter
output voltage vector is defined based on (3-26). The V,% vector is transferred from

the d-g frame to the rotor frame using (3-15). Finally, the estimated voltage vector



Chapter 5: Low and high voltage ride-through of DFIG... 102

(V/?) is fed to a SVM unit in order to generate the gating signals for the RSC
switches [5]. Similar PI current controller can be used in the GSC, as already

presented in section 3.3.4.1.

5.2.2  Vector-based hysteresis current controller

The mathematic principles of the proposed VBHCR are studied in Chapter 4.
Therefore, only a brief overview of the control structure and operating features of the
proposed VBHCR implemented in the RSC of DFIG is presented in this chapter.
Figure 5-2 shows the schematic diagram of the proposed VBHCR used in the RSC.
The same control structure can be used in the GSC, but it works with the GSC output

current vector represented in the stationary frame (Ig“ﬂ).
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In Figure 5-2, x- and y-components of the tracking error are processed by four- and
three-level hysteresis comparators, respectively. Digital outputs of the comparators
are fed to a simple switching table to determine the RSC output voltage vector at
each instant. For every one sixth of the fundamental period, both x- and y-
comparators remain in one specific hysteresis loop and this can be used to locate the
position of the desired output voltage vector (V; ). Based on the V," position, zero
voltage vectors and non-zero voltage vectors that are adjacent to the V,~ vector will

be selected to reduce the tracking error of the current controller.

As the time passes, either x- or y- comparator will move to the next hysteresis loop.
This means that the position of the V,~ vector has changed to the next sector in the
rotor reference frame and accordingly, the next optimal switching sequence will be
selected in the RSC from the switching table. In this way, the proposed VBHCR
generates an optimal switching pattern that is similar to the widely-used SVM
technique. This will significantly reduce the average switching frequency of the RSC

and suppress the oscillations in the output current vector.
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Figure 5-2 Practical implementation of the VBHCR in the RSC.

It is clear that the proposed VBHCR only needs the instantaneous measurement of
the rotor current; therefore, it is very robust to the grid voltage distortions and system
parameters variations. Moreover, since the modulation unit is eliminated and the
gating signals of the RSC are directly generated by the switching table, the proposed
current control strategy achieves very fast dynamic response and inherent current
limiting behaviour. Accordingly, the RSC can be represented in the DFIG equivalent
circuit as a controllable current source, which essentially works independent of the

supply voltage waveform [82]. Other salient features of the proposed current
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regulator are its simple control structure and minimum computational time.
Nonetheless, the switching frequency of the proposed current controller is not
constant and large error bands must be used to limit the maximum switching
frequency of converters around the zero crossing points of the command vector. This
will produce significant low-order current harmonics, which must be avoided under

steady-state operating conditions.

5.2.3 Transition mechanism

The transition mechanism of the proposed hybrid current controller is demonstrated
using Figure 5-3. Under normal operating condition (t < t;), the current in the rotor-
side and grid-side converters are regulated using the standard Pl current controllers.
When a fault occurs in the grid, large transient overshoots will appear in the rotor
current due to the zero- and negative-sequence components of the stator flux. The
dynamic response of PI current regulator is not fast enough to maintain the precise
control of the instantaneous rotor current. Consequently, the tracking error exceeds
the PI error bands and rotor current hits the design limits at t = t,. This will trigger
the supervisory control unit and in turn, the converters switching strategy will be

transferred to the hysteresis-based method.

The VBHCR used in the RSC has a very fast transient response and forces the rotor
current inside the hysteresis error bands with a negligible response time. However,
the switching frequency of converters is not constant and the error bands of VBHCRs
must be designed to be larger than the PI controller bands in order to limit the
maximum switching frequency of the converters. To avoid these problems, the
VBHCRs need to be deactivated after a short period of time (e.g., 50 ms). Finally,
the switching strategy of converters will return back to the standard Pl method at t =
t3 = t,+0.05 s and remain in this operation mode if the rotor current oscillations have
decayed enough from t; to t3. Otherwise, the VBHCR will be re-activated for another
50 ms (not shown in Figure 5-3).
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Figure 5-3 Schematic current-time diagram of the proposed hybrid current controller

under voltage sag conditions.

Figure 5-3 illustrates how the proposed hybrid current controller protects the DFIG-
based WT from destructive overcurrents that can appear under various voltage sag
conditions. However, the situation is quite different under voltage swell conditions
because the supply voltage rise has minimal impacts on the rotor current [83]. In
other words, the RSC will easily handle the supply voltage rise by decreasing its
modulation index; thus, the supervisory control unit cannot detect voltage swell
conditions from the rotor current signal. In order to address this problem, the dc-link
voltage signal is used to sense the grid voltage rise, based on the fact that severe
voltage swells cause the GSC to lose its controllability over the power flow in the
capacitor and as a result, large overvoltage will occur in the dc-link capacitor. Once

the voltage swell condition is detected, the current control strategy in the RSC and
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GSC are transferred to the proposed hysteresis method through the procedure that
was already described. Note that in the supervisory control block shown in Figure
5-1, the outputs of I, and V4. comparators are fed to a logical ‘OR’ operator to define
the transition signal. This will protect the DFIG from the destructive impacts of not
only voltage sag but voltage swell conditions.

524  Re-initialization process

Due to the sluggish transient response of PI current regulators, direct transition of the
switching strategy from the VBHCR to the Pl method is not acceptable as it
generates large oscillations in the output currents of converters [82]. A re-
initialization technique is developed to reset the output of Pl compensators and attain
a seamless transition between the current controllers. This technique uses the output
voltage vectors of converters (the V, and Vg vectors) to calculate the resetting values
of Pl compensators. As can be seen from Figure 5-1, the output voltage vectors of
converters will be estimated based on the gating signals of VBHCRs after passing
through first-order low-pass filters [82]. The estimated voltage vectors (V reset and
Vg reset) Will be used to re-initialize the output voltage of the RSC and GSC upon the

controller transition.

5.3 SIMULATION RESULTS

Simulation studies are carried out to compare LVRT and HVRT capabilities of the
proposed hybrid current controller with the standard PI controller. Figure 3-13 shows
the network simulated in Matlab/Simulink with the parameters given in the Appendix
B. If a fault occurs at some points inside the transmission system, local voltage at the
wind farm drops considerably. As a result, the DFIG-based WTs will be imposed to a
sustained voltage sag condition until restores to the rated voltage upon the fault
clearance. On the other hand, the DFIG-based WT can be subjected to a voltage
swell condition caused by switching off large loads, energizing capacitor banks, or

faults in the transmission system.

To achieve an accurate comparison between different current controllers, the outer
power control loops of RSC are kept constant and mechanical parts of wind turbine
are simulated based on the optimal power-speed curve used in [69]. However, since
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very small speed deviation can occur during the short time period considered,
simulations results are obtained under constant rotor speed condition. The rotor slip
is set equal to s = —0.2 PU preceding the fault in order to simulate the most onerous
ride-through conditions that can be experienced by the DFIG. Low and high voltage
disturbances are selected from the most onerous LVRT and HVRT regulations
enforced by the Spanish and Australian grid codes, respectively. Simulation case

studies are as follows:

1. a three-phase short circuit fault, causing a sag type A; with the remnant
voltage of 0.2 PU at the generator terminals [corresponding to Point C in

Figure 2-4]. The fault duration is set to 0.2 s to get better illustration.

2. a phase-to-phase short circuit fault, causing a sag type D with the
characteristic voltage of Vgg = 0.6L.-31° at the generator terminals
[corresponding to Point B in Figure 2-4]. In this case study, large phase-angle
jump of —31° is considered in order to simulate the voltage sag conditions
experienced in offshore wind farms, where the fault condition is associated

with large phase-angle jumps [42].

3. A symmetrical voltage swell of 1.3 PU at the generator terminals
[corresponding to Point C in Figure 2-5].

The design limits of the rotor current and dc-link voltage are set to l;m = 1.25 PU and
Vim = 1.1 PU, respectively. This will ensure that the VBHCRs are activated only
when severe voltage sag or swell conditions endanger safe operation of the DFIG-
based WT. The overall error bands of VBHCRs are adjusted to £0.04 PU and £0.025
in the RSC and GSC, respectively, in order to restrict the maximum switching
frequency of converters to 6 kHz.

5.3.1  Operation under symmetrical voltage sag

Figure 5-4(a) and Figure 5-4(b) compare the DFIG response to a type A; voltage sag
of 0.2 PU without and with the proposed hybrid current controller. Typical safety
margins of 2.0 PU and 1.25 PU are considered for the rotor current and dc-link
voltage, respectively [35]. From Figure 5-4(a), it can be seen that the zero-sequence

component of the stator flux causes the rotor current to exceed the RSC safety limit
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at the fault onset. Besides that, large inrush current in the rotor winding leads to
sudden increase beyond the safety limits of the dc-bus capacitor. It is therefore
evident that the DFIG-based WT cannot ride-through the sag using the standard Pl

current control scheme.

Figure 5-4(b) shows the simulation results with the proposed hybrid current
controller. In this case, the supervisory control unit detects the fault shortly after its
occurrence. The rotor current hits the design limit at t = 103 ms and consequently,
the switching strategies of the RSC and GSC are transferred to the hysteresis-based
method for the next 50 ms. It can be seen that for 103 < t < 153 ms, the VBHCR used
in the RSC manages to eliminate the zero-sequence oscillations and keep the rotor
current inside the designated hysteresis error bands. That is, the RSC operates as a
current source independent of the grid voltage waveform. Then, the RSC switching
strategy is transferred back to the Pl controller at t = 153 ms, although the zero
sequence of the stator flux has not sufficiently suppressed yet. As a result, the
supervisory control unit will be triggered one more time at t = 157 ms. The
conventional and the proposed hybrid current controllers show similar responses for
207 <t < 300 ms. Finally, the VBHCRSs are reactivated at the fault clearance instant.

Comparing Figure 5-4(a) and Figure 5-4(b), it is also observed that since the
proposed VBHCR avoid large inrush currents to flow in the rotor winding at the fault
instant, the fluctuations of dc-link voltage have been significantly reduced and kept
below the safety limits. Note that using the proposed VBHCR in the GSC is the other
factor that contributes to further reduction in the dc-link voltage fluctuations.
Moreover, the initial torque overshoot is notably decreased from 2.2 PU to 1.4 PU.
Therefore, it can be concluded that the proposed hybrid current controller improves
the LVRT capability of the DFIG under three-phase faults, as requested by the
Spanish grid code.
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Figure 5-4 Stator voltage, rotor current, dc-link voltage, and electrical torque for DFIG

under symmetrical voltage sag with: (a) the standard PI current controller, (b) the proposed

hybrid current controller.

Figure 5-5 shows the detailed operation of the proposed hybrid current controller at
the fault instant. Under normal operating conditions, the rotor current is regulated by
the standard PI current controller with optimal steady-state performance (the gating
signals are generated by the SVM unit). The fault occurs at t = 100 ms and since the
PI controller has a very slow dynamic response, the rotor current in phase b hits the
design limits at t = 103 ms. Consequently, the RSC current control strategy is
transferred to the VBHCR with larger error bands of £0.05 PU. As expected, this will
produce higher rotor current oscillations with significant low-order harmonic
distortions. Note that using the proposed VBHCR, the gating signals at each instant
are directly generated by a simple switching table which gives the switching pattern
shown in Figure 5-5 (b). The instantaneous output voltage of the RSC and the filtered

waveform are shown in Figure 5-5 (c).
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Figure 5-5 Detailed operation of the hybrid current controller at the fault instant

(dashed and dotted lines show the design and safety limits of the rotor current, respectively).

5.3.2  Operation under asymmetrical voltage sag

Figure 5-6(a) and Figure 5-6(b) compare the DFIG responses under a severe
asymmetrical fault condition, causing sag type D with Vsg = 0.6L_—31° at the DFIG
terminals. It is clear that using the conventional current controller, the zero- and
negative-sequence components of the stator flux cause the rotor current to exceed the
safety limits of IGBTSs shortly after the fault occurrence. The natural response of the
stator flux decays in 50 ms whereas the oscillating impact of negative-sequence
component can be observed throughout the fault period. The negative-sequence
component of the stator flux causes oscillations in the rotor current with the peak-to-
peak value of 1.2 PU and frequency of f, = (2—s)f; = 2.2 PU = 110 Hz. However, if
the proposed hybrid current control scheme is implemented in the RSC and GSC, the
rotor current oscillations will be constrained within the design limits and DFIG can
ride-through the fault.



Chapter 5: Low and high voltage ride-through of DFIG... 112

From Figure 5-6(b), it is observed that once the rotor current hits the design limits at
t = 106 ms, the VBHCR will be activated for the next 50 ms. The current control
scheme is transferred back to the conventional Pl method at t = 156 ms. At this
instant, the zero-sequence of the stator flux has completely decayed, yet the negative-
sequence of the rotor current is large enough to trigger the supervisory control unit.
Therefore, the VBHCRSs are kept activated throughout the fault period. In this way,
the proposed hybrid current controller manages to constrain the rotor current within
the safety limits of semiconductor switches used in the RSC. It is also clear that the
dc-link voltage is kept below the safety limit and pulsations in the electromagnetic
torque are reduced by 50%.
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Figure 5-6 Stator voltage, rotor current, dc-link voltage, and electrical torque for DFIG

under asymmetrical voltage sag with: (a) the standard PI current controller, (b) the proposed

hybrid current controller.
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5.3.3  Operation under voltage swell

Figure 5-7(a) and Figure 5-7(b) compare the DFIG responses under the voltage swell
of 1.3 PU. When the conventional Pl current controllers are used, the RSC handles
the grid voltage rise by decreasing its modulation index, i.e., reducing the RSC
voltage gain. Therefore, the rotor current oscillations are eliminated shortly after the
swell onset. On the other hand, the GSC must counteract the voltage rise by
increasing its modulation index in order to control the active power flow into the
capacitor and keep the dc-link voltage constant. From Figure 5-7 (a), it is evident that
this compensating action will drive the SVM unit into saturation. As a result, the
anti-parallel diodes of the GSC are forward biased and the GSC fails to control the
dc-link voltage and destructive overvoltage of 1.4 PU will appear in the capacitor.
This overvoltage in the dc-link capacitor will sustain throughout the swell period.

Simulation results in Figure 5-7(b) shows that overvoltages in the dc-link capacitor
can be avoided using the proposed hybrid current controller. In this case, the dc-link
voltage hits the design limit of 1.1 PU and accordingly, VBHCR is activated in the
DFIG converters. By using this current controller in the GSC, the modulation unit
will be omitted and the dc-link voltage will be fully available at the output terminals
of the GSC. Therefore, the dc-link voltage fluctuations can be limited below the
safety limits of the capacitor. Moreover, the rotor current oscillations and torque
pulsations are notably reduced. Hence, the DFIG-based WT can successfully ride-

through the voltage swell conditions required by the Australian grid code.
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Figure 5-7 Stator voltage, rotor current, dc-link voltage, and electrical torque for DFIG

under a symmetrical voltage swell of 1.3 PU with: (a) the standard PI current controller, (b)

the proposed hybrid current controller.

5.34  Reactive power support

According to Australian regulation, wind generators must generate at least 4% of
their maximum available reactive current for each percent of the voltage drop when
the PCC voltage falls outside +10% dead band around the nominal voltage [see
section 2.4.3]. After the fault clearance, the active power output of wind farm must

restore to 95% of the prefault value within 100 ms.

Further simulation studies have been conducted to test the performance of the
proposed current controller when the DFIG control scheme is modified to comply

with the Australian regulations. The WT is subjected to a three-phase fault for
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0.1 <t < 0.4 s. During the fault, the PCC voltage drops to 0.5 PU and consequently,
the reactive power component of the rotor current (l,q) must ramp up to 1.0 PU. In
the meanwhile, to avoid overloading the RSC, the active power component of the
rotor current (I,q) must be reduced to zero as the total capacity of the converter has
been dedicated to reactive current generation. Simulation results for the conventional
and proposed current controllers are shown in Figure 5-8. It is evident that the hybrid
current controller complies with the Australian requirement and follows the
command vector with no tracking error, whereas the standard PI current controller

shows a large overshoot of 1.75 PU at the fault onset.

Under normal operating conditions, the DFIG-based WT delivers 0.8 PU of the
active power with unity power factor (the reactive current component of 0.3 PU only
provides the machine excitation). As the fault occurs at t = 0.1 s, the reactive current
component of the RSC ramps up to 1.0 PU, which increase the DFIG reactive power
injection to the nominal value of 0.35 PU. At the same time, the active current
component (l,y) has been reduced to zero to comply with the converter rating.
Consequently, the DFIG active power generation plunges to zero but returns back to
the prefault value after the fault clearance. Further studies on the reactive power

support of DFIG-based WPPs will be presented in the next chapter.
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5.4 CONCLUSIONS

This chapter presents a new hybrid current control scheme to enhance both LVRT
and HVRT capabilities of DFIG-based WTs, in compliance with the international
grid codes. Standard P1 current controllers are used to regulate the output currents of
RSC and GSC under normal operating conditions. When a grid disturbance is
detected by the proposed supervisory control unit, the switching strategy of
converters is transferred to the VBHCR. This current regulator has very fast transient
response that will effectively eliminate high frequency oscillations of the rotor
current and limit the dc-link voltage fluctuations. However, long-term operation of
VBHCR is not desirable due to its variable switching frequency and increased lower-
order current harmonics. Therefore, the switching strategy of converters is
transferred back to the Pl method when the rotor current and dc-link voltage
oscillations are reduced below the design limits. A re-initialization mechanism is

integrated to attain a seamless transition between the current controllers.

Simulation results show that the proposed hybrid current control scheme enables the
DFIG-based WTs to retain the superior steady state performance of the standard Pl
current regulator along with the very fast dynamic response of the VBHCRs. As a
result, the DFIG-based WT can successfully comply with the stringent LVRT and
HVRT regulations stipulated by the Spanish and Australian grid codes, respectively.
Also, the Australian regulations on the reactive power support of DFIG-based WPPs
is briefly investigated. In the next chapter, further modifications in the control
structure of DFIG-based WPPs will be proposed to enhance their P-Q response under

various fault conditions.
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Chapter 6. Active and reactive power responses of
DFI1G-based WPPs following faults

6.1 INTRODUCTION

In Chapter 2, it was mentioned that modern grid codes require WPPs to provide
reactive power support during the fault period and restore active power generation
after the fault clearance. The most stringent regulations on the active and reactive
power response of wind farms are stipulated in the Australian grid code.
Accordingly, this chapter introduces a modified control scheme for DFIG-based
WPPs to comply with the Australian grid code requirements. In the proposed control
design, the UTSP system is used to not only extract the synchronization signal, but to
estimate the supply voltage amplitude during grid faults. Also, current prioritization
units are employed to modify the current command vectors under different operating
conditions, based on the new design strategies developed in this thesis. Simulation
results show that the proposed control scheme enables DFIG-based WPPs to comply
with the latest regulations on the reactive and reactive power responses of wind

farms as stipulated by the Australian TSO.

This chapter is organized as follows. In Section 6.2, the P-Q capability curves of
DFIG-based WPPs with different control designs are thoroughly studies. Section 6.3
presents the modified control scheme developed in this thesis. Time-domain
simulation results are presented in Section 6.4 to test the ability of the proposed
control scheme in compliance with Australian grid code requirement and to examine

its impacts on the nearby grid, e.g., on fixed-speed WPPs.
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6.2 P-Q CAPABILITY CURVES OF DFIG-BASED WPP

This section examines the P-Q capability curves of DFIG-based WPPs with different
control designs. First, the maximum current-carrying capacity of the RSC is
calculated. Then, the original and modified control designs are presented and their

corresponding P-Q capability curves are obtained.

6.2.1 Maximum current capacity of converters

The Australian grid code requires WPPs to be capable of continuously operating at
their rated active power with the power factor in the range of 0.93 capacitive to 0.93
inductive. The upper and lower limits of the supply voltage amplitude and grid
frequency for the continuous operation of generating units are specified as |Vsmax | =
1.1 PU, |Vsmin| = 0.9 PU, fin = 49.5 Hz and fnax = 50.5 Hz [refer to chapter 2].

These specifications must be taken into account to calculate the maximum current-
carrying capacity of converters (Ir-max). An appropriate design of I..max should make
sure that the active and reactive power requirements of the DFIG-based WPP can be
attained under the most onerous operating conditions without violating the thermal

limits of converters.

In order to obtain the analytical expression of I..max, the active and reactive powers of

DFIG are needed. If the scaling factors of Clarke’s Transformation are omitted, the

stator active and reactive powers in the synchronous frame are defined by

P, = Vil 6-1

|2
6-2

\
Qs :|Vs||rd _| :
,

s—m
where |V| is the supply voltage amplitude and I,y and I are the quadrature
components of the rotor current in the grid flux-oriented frame. Typical value of L, =
3.0 PU is considered in this study. Based on (6-1) and (6-2), the amplitude of current

in the RSC can be obtained as

2 2
ez | P Q v
I =012 +12 = || —= s 6-3
| I’| rq + rd \/(|VS|J +[|VS|+3C()S]

The maximum rotor current is required when the Ps and Qs are at their rated values,




Chapter 6: Active and reactive power responses of DFIG... 119

and the supply voltage amplitude and grid frequency are at their minimum values,
i.e., Ps=1.0PU, Qs =0.395 PU, |Vs = 0.9 PU and ws = 0.99 PU. Substituting these
values in (6-3), the I;.max IS obtained equal to 1.34 PU. This means that the rated
current of the RSC must be 34% larger than its rated active power or
Irq,max = 0.75|lr max|]. The extra current capacity in the RSC is needed to provide the
machine excitation as well as generate the rated capacitive reactive power of 0.395

PU, if requested by the Australian system operator.

6.2.2 P-Q capability curve of DFIG - Design 1

Equations (6-1) and (6-2) can be used to calculate the P-Q response of the DFIG-
based WPP with various control designs. The highest wind speed situation (i.e., the
rated output active power) is considered in this study because this scenario represents
the most onerous situation that can be experienced by the WPP [65].

The P-Q capability curve of DFIG with the conventional control design is shown in
Figure 6-1. Three different operating zones are observed in this figure. Zone |
corresponds to the normal operating condition when |V > 0.9 PU. At the start of this
zone, the active current component of the RSC (lrq) is set to 0.75 PU in order to
extract the rated active power from the DFIG. The DFIG is designed to work at unity
power factor (UPF); therefore, the reactive current component of the RSC must only
provide the machine excitation (I,4 = 0.25 PU). As the supply voltage reduces from
1.0 PU to 0.9 PU, the I, component increases linearly to compensate for the supply
voltage drop and maintain the active power at the rated value. The l,4 component, on
the other hand, reduces slightly because the machine excitation decreases as the

supply voltage drops, as projected in the second term of (6-2).

Once the supply voltage drops below 0.9 PU, the DFIG-based WPP must help the
supply voltage recovery by injecting 4% reactive current component for each 1%
drop in the supply voltage amplitude. Accordingly, the 1,4 component starts linearly
increasing from 0.6 PU and in the meanwhile, the 1,; component must decrease so
that the rotor current is constrained within the limits of semiconductor switches, i.e.,
to ensure that |I;| < 1.0 PU. This implies that in Zone II, the active power production
must be partially sacrificed in order to provide the reactive power support requested

by the Australian regulations. Finally at [V = 0.75 PU, the reactive current
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component of the RSC becomes equal to 1.0 PU and its active component reduces to
zero. Consequently, the DFIG active power production remains at zero in Zone Ill,
while its reactive power output reduces as the voltage drops. However, the DFIG
operation with Ps = 0 can force the WPP to disconnect from the grid because it leads
to a large mismatch between the machine electromagnetic torque and the input
mechanical torque. As a result, the shaft speed might increase beyond the safety
limits of the turbine and in turn, the DFIG-based WPP must disconnect from the grid.

This problem is addressed in the second control design.
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Figure 6-1 P-Q response of DFIG with control Design 1: (a) quadrature components of

the rotor current, (b) active and reactive powers of the stator.

6.2.3 P-Q capability curve of DFIG — Design 2

In ‘Design 2°, the RSC output current is permitted to temporarily increase to 1.41
times of its nominal capacity during the fault period. Note that this is not a major
threat for semiconductor switches because modern converters have been designed to
withstand short-term overloading. For example, Semikron SKiiP® intelligent power
modules can tolerate 150% overloading for 20 s [25]. The maximum fault duration

requested in Australian grid code is 10 s; therefore, the RSC can be safely overloaded
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by 41% during the fault period defined in the Australian Grid Code. Figure 6-2
shows the P-Q capability curve of DFIG with Design 2.

This curve is different from Design 1 in the second and third operating zones. In
Zone Il, the active current component of the RSC is allowed to keep rising along
with its reactive current component. This will retain the active power production
constant while the reactive power injection from the DFIG increases. At |Vs| = 0.75
PU, both I,4 and I, reach to 1.0 PU and in turn, the RSC output current becomes
equal to 1.41 PU

It is also evident that the DFIG active power generation can be partially retained in
Zone 1l and Zone Ill. This improvement in the active power response of DFIG is
very valuable because it not only reduces the risk of destructive over-speeds in the
shaft, but also enables the WPP to participate in the short-term frequency and
transient stability support for the nearby grid. Finally, the next design strategy
(‘Design 3) enhances the reactive power capability of DFIG by exploiting the free
current capacity of the GSC.
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Figure 6-2 P-Q response of DFIG with control Design 2: (a) quadrature components of

the rotor current, (b) active and reactive powers of the stator.
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6.2.4  P-Q capability Curve of DFIG — Design 3

The rotor-side and grid-side converters of a DFIG, as back-to-back VSCs, are usually
designed with the same rating. Therefore, there is always a free capacity in the GSC
that can be deployed for providing further reactive power support during faults.
However, the active power component of the GSC cannot be sacrificed for the sake
of reactive power injection because it leads to destructive over-voltages in the dc-link
capacitor and as a result, continuous operation of the WPP will be interrupted. In
other words, the active current component of the GSC must be always prioritized to
its reactive component. However, if the GSC is permitted to be overloaded during
the fault period, this converter can inject both active and reactive powers to the grid.
In Design 3, the reactive power generation from the GSC helps the RSC to further
enhance the reactive power capability of DFIG-based WPP under fault conditions.

The operation principles of the GSC are thoroughly investigated in Section 3.3.2.

The GSC active and reactive powers in the grid voltage-oriented frame are defined as
Py + Qg =Nslge + iVs|l g 6-4

where lqg and lgq are the active and reactive components of the GSC, respectively.

Figure 6-3 shows the P-Q capability curve of the GSC when it is aimed to contribute
to the reactive support under fault conditions. The GSC is sized at 35% of the DFIG
rated power. In the start of Zone I, the active and reactive current components of the
GSC are equal to 0.75 PU and zero, respectively. This operating point corresponds to
rated active power production at UPF. In Zone II, the lqg component increases to
keep the GSC active power constant at its rated value, i.e., to maintain Pgyat 0.35 PU.
The lqq component, on the other hand, increases by 4% for each 1% reduction in the
supply voltage magnitude. Both GSC current components reach to 1.0 PU and the
start of Zone Ill and from this point onward, the GSC active and reactive powers

decrease linearly as the supply voltage drops.



Chapter 6: Active and reactive power responses of DFIG... 123

(a)
T T T
_ 04¢ P —
o ______r_-—-:j"' e
S0 Py —_—T
- ]
l
Ol——1 ==l
1 0.8 08 0.4 02 0
(b
04 . . : :
- —F
T\ £
— 02t _———
= r 2
i I
I o m
1 0.8 0.6 0.4 0.2 ¥
Supply voltage [p.u]
Figure 6-3 P-Q response of GSC with control Design 3: (a) quadrature components of

the GSC, (b) active and reactive powers of the GSC.

6.3 ProPOSED DFIG CONTROL SCHEME

Figure 6-4 shows the schematic diagram of the proposed control scheme. The RSC
controller is configured in the following steps:

1. Clarke’s transformation is used to obtain the vector representation of the

measured three-phase signals,

2. The rotor angle is measured using a position encoder whereas the
synchronizing signal is extracted using the proposed UTSP. This signal
processing unit can also estimate the amplitude of the supply voltage. The
|Vs| signal will be needed to detect the fault conditions and provide the 4%

reactive power support requested by the Australian grid code.

3. Using (3-14), the Is vector is transferred from the stationary frame to the
synchronous frame.

4. Based on (6-1) and (6-2), the active and reactive powers produced in the
stator winding of DFIG are calculated and compared to their command

values. The active power command signal, P, is calculated based on the
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optimal power-speed curve. The Q" signal is defined based on the grid code
regulation. The Australian TSO, for instance, may request power factor in the

range of 0.93 capacitive to 0.93 inductive.

5. Under normal operating condition (0.9 < |V < 1.1 PU), the error signals of
AP and AQ; are fed to the PI compensators in order to calculate the Iy, and
lq~ signals, respectively. However, if the supply voltage drops below 0.9 PU,
the reactive current component of the RSC must ramp up by 4% of the RSC

nominal current for each 1% reduction in the supply voltage amplitude.

6. The quadrature components of the rotor command vector are fed to a current
prioritization unit to avoid hazardous overloading of the RSC, based on

different P-Q control designs that are already studies in section 6.2.

7. Using (3-15), the rotor command vector is transformed from the synchronous
frame to the rotor frame.

8. Finally, the command and the measured rotor current vectors are fed to a
variable-band VBHCR unit in order to generate the gating signals of the RSC.
Note that the proposed VBHCR can also be replaced with the hybrid current
control scheme proposed in Chapter 5. This will not cause any notable
difference in the operation of the proposed overall vector control scheme.

In the same manner, the GSC controller can be configured in the following steps:

1. Two PI control blocks are used to calculate the 1'gq and I'yq current

components from the error signals of AVyc and AQy, respectively.

2. The quadrature components of the GSC command vector are fed to a current
prioritization unit. This unit will only work under fault conditions with
Design 3. It does not change the active current component of the command
vector, but exploits the free current capacity of the GSC to contribute to the

reactive power support under fault conditions (through modifying I”y).

3. The GSC current command vector is transferred from the synchronous frame

to the stationary frame, using (3-14).

4. The GSC current vector and the current command vector are fed to the

variable-band VBHCR unit to generate the gating signals for the GSC.
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Schematic diagram of the proposed control scheme.

Figure 6-4
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6.4 SIMULATION RESULTS

Extensive simulation studies are carried out to examine the transient response of the
proposed control scheme in compliance with the Australian grid code. Figure 6-5
shows the simple distribution network simulated in Matlab/Simulink with the
parameters given in the Appendix B. A wind farm, consisting of six 1.5 MW DFIG-
based WTs, is connected to the medium-voltage bus through a step-up transformer
and 10 km transmission line. The distribution feeder B25 and its local load are
weakly connected to the main grid (B120) via 20 km transmission line. Simulation
studies are conducted in two main directions: (i) to investigate the P-Q response of
DFIG with different control designs, and (ii) to evaluate impacts of the fault response
of the DFIG-based WPP on the nearby grid.

The transient and steady-state performances of the VBHCR used in DFIG-based
WTs are already studied in Chapter 4. Therefore, simulation studies in this chapter
will focus not on the detailed operation of the proposed VBHCR, but on its overall
performance in the proposed control scheme. The machine slip is set equal to s =
—0.2 PU preceding the fault in order to impose the most onerous condition on DFIG

when a larger amount of power is transferred through the converters.

IMVA /4% 2.5% 120 kV
0.575/25kV B25 B120 X/R=10 50 Hz

6% 1.5 1 | | 4 |@_‘_:|_@
MW | 5km }1 20 km | |

J0OMVA /4% Main Grid
25/120 kV

54 /1.5 MVA

Figure 6-5 Circuit diagram of the simulated network.

Figure 6-6 shows the detailed operation of the proposed UTSP under fault
conditions. Before the fault occurrence, the three-phase supply voltage is equal to 1.0
PU, with no tracking error from the UTSP. At t = 0.1 s, a phase-to-phase short circuit
takes place and a type D voltage sag with the characteristic voltage of Vg = 0.3L0°
appears at the DFIG terminals [see Fig. 7(a)]. This voltage sag condition corresponds

to the positive and negative sequence components of 0.65 PU and 0.35 PU,
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respectively. From Fig. 7(b), it can be observed that the UTSP accurately estimates
the magnitudes of sequence components in almost one fundamental period and
consequently, the tracking error reduces to zero in 20ms after the fault onset. On the
other hand, Fig. 7(d) shows that the proposed UTSP extracts the synchronization
signal (i.e., the supply voltage phase-angle) completely unaffected from the grid
voltage condition. This will enhance the overall control performance under grid
disturbances whereas distorted voltage condition causes serious stability problems

for the commonly-used stator flux oriented vector control schemes.

(a) Three-phase stator voltage
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Figure 6-6 Tracking performance of the proposed UTSP: (a) three-phase grid voltage,
(b) estimated magnitudes of the sequence components, (c) tracking error signals, and (d)

extracted synchronizing phase-angle.
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According to the Australian regulations, WPPs must inject 4% reactive current for
each 1% reduction in the supply voltage. To test the proposed control scheme in
compliance with this requirement, a three-phase fault with the remnant voltage of 0.4
PU at B120 is simulated. Figure 6-7 to Figure 6-10 compare the P-Q responses of the
DFI1G-based WPP with different control designs.

Figure 6-7 shows the P-Q response of the DFIG when no modifications are applied
to the controller. During normal operating conditions, the |4 and I,4 components are
adjusted to 0.65 and 0.33 PU respectively, which corresponds to the active power
production of 0.9 PU at UPF. As the fault takes place, the 1,4 component increases to
1.0 PU in order to maximize the active power that can be exported from the wind
generator to the grid. The 1,4 component, on the other hand, reduces to zero so that
the current-carrying capacity of converters is not exceeded. This leads to small
reactive power absorption from the grid, needed for the machine excitation. It is also
worth noting that the DFIG response would not change if the WPP is designed to
work in voltage control mode, because there is no free capacity for the reactive
current component of the RSC to manoeuvre.

Besides that, if the proposed VBHCRs were not used in the controller, the rotor
current might exceed the safety limits of the RSC switches which, in turn, activates
the crowbar. When the crowbar is engaged, vector control is lost and the DFIG
resembles a high-resistance single fed machine, operating at very high slips. This
temporary configuration is a worst-case combination of poor active power output and

high reactive power demand, which exacerbates the fault condition [25].
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Figure 6-7 Conventional controller: (a) quadrature components of the rotor current (b)

DFIG active and reactive powers.

Figure 6-8 shows that P-Q response of the DFIG-based WPP when it is designed to
comply with the Australian regulations using Design 1. The DFIG response under
normal operating condition is similar to Figure 6-7. However, during the fault period,
the l,4 component rises to 1.0 PU because the supply voltage drops by more than
25%. Accordingly, the DFIG reactive power increases to 0.5 PU, but its active power
drops to zero due to the reduction of the I,q component. Since the electromagnetic
torque of DFIG-based WT is reduced to zero during the fault period, the turbine shaft
accelerates (as discussed in the following). This means that the rotor speed has
increased at the fault clearance instant. Therefore, WPP temporarily injects more
active power to the grid after the fault clearance and then, reduces back to the
prefault value. The normal operation of the DFIG-based WPP (i.e., active power
restoration to 95% of the prefault value) is attained in less than 100 ms after the fault

clearance instant.
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Figure 6-8 Design 1: (a) quadrature components of the rotor current (b) DFIG active

and reactive powers.

Figure 6-9 shows the P-Q response of DFIG-based WPP with the second design
strategy. In this design, the RSC is permitted to be overloaded by 41% during the
fault period. Accordingly, both I,4 and I,q components increase to 1.0 PU upon the
fault occurrence. As a result, the active power generation is mostly retained while the
reactive power increases to 0.5 PU in order to support the grid voltage recovery.
Finally, the DFIG regains its normal operating condition shortly after the fault

clearance, i.e., in less than 100 ms.
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Figure 6-9 Design 2: (a) quadrature components of the rotor current (b) DFIG active

and reactive powers.
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Figure 6-10 shows that P-Q response of DFIG with Design 3. The rotor current
components (l,4 and Iq) are similar to Design 2, but the reactive power injected by
the DFIG-based WPP increases from 0.5 PU to 0.82 PU in view of the fact that the
free capacity of the GSC is exploited to generate more reactive power from the
DFIG. The normal operation of DFIG-based WPP will be restored in less than 100

ms after the fault clearance.
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Figure 6-10 Design 3: (a) quadrature components of the rotor current (b) DFIG active

and reactive powers.

Figure 6-11 compares the quadrature components of the GSC current for Design 2
and Design 3. In Design 2, the lqe component oscillates to its limit (0.35 PU) in
order to suppress the double-frequency fluctuations of the dc-link voltage, whereas
the lgq component is fixed at zero in order to attain UPF operation at the GSC
terminals. In Design 3, the lgg component does not change because the GSC active
power control is always prioritized to its reactive power generation. However, the
GSC current limit is temporarily increased to 0.5 PU and the free current capacity of

the GSC has been instantaneously used for the reactive power generation.
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Figure 6-11 Quadrature components of the GSC current with (a) Design 1 (b) Design 2.

Figure 6-12 illustrates how the reactive power support from the DFIG-based WPP
can improve the voltage profile at the nearby distribution feeder. Fault in the main
grid causes the voltage at B120 to drop to 0.4 PU, but the voltage profile at B25
varies depending of the control design adopted in the DFIG. If the conventional
control scheme is implemented, the voltage at B25 is slightly less than 0.4 PU due to
the machine excitation current. However, the local voltage profile significantly
improves if the WPP is designed to comply with the Australian regulations. The
minimum voltage drop (i.e., the highest improvement in the voltage profile) is
obtained in Design 3 because the DFIG-based WPP injects its maximum reactive
power to the grid. Design 1 and Design 2 have similar reactive power responses, but
the voltage profile for Design 2 is slightly better because the DFIG active power
reduces to zero in Design 1. Consequently, the local load at B25 must be fed from
the main grid, leading to a voltage drop caused by the resistive part of the

transmission line and active power transfer from the main grid to the local load.
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Figure 6-12
designs adopted in the DFIG-based WPP.

Voltage profile at B120 and B25 during the fault with different control

Figure 6-13 compares the rotor speed when the DFIG is controlled according to

Design 1 and Design 2. For the former, as the active power reduces to zero during

the fault period, a large mismatch appears between the input mechanical torque from

the turbine and the electromagnetic torque developed by the machine. As a result, the

rotor accelerates to 1.225 PU. This can lead to dangerous over-speeds under more

severe fault conditions. In contrast, Design 2 mostly retains the active power output

during the fault and as a result, very slight increase is observed in the rotor speed.
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Figure 6-13

Rotor speed with Design 1 (dashed line) and Design 2 (solid line).
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6.4.1 Impacts of the DFIG operation on the nearby grid

To investigate the impacts of the DFIG-based WPP on the nearby grid, the local load
connected to B25 is replaced with 2*1.5 MW pitch-controlled squirrel cage WTs
with the parameters given in the appendix B. A remote three-phase fault with the
remnant voltage of 0.65 PU is simulated at B120 when both WPPs are operating near
their nominal output conditions, i.e., with their rated wind speeds. The system
response to this fault is studied when the DFIG-based WPP is controlled by the
conventional design strategy or when it is targeted to comply with the Australian grid

code using Design 3.

Figure 6-14 shows the P-Q response of DFIG-based WPP with two different control
designs. It can be seen that the active power response of both cases are relatively
similar but in Design 3, the reactive power injection of DFIG during the fault
increases from zero to 8 MVar. This reactive power injection provides the reactive
power needed by the induction generator to restore its electromagnetic torque. As a
result, the turbine speed and terminal voltage of the induction generator quickly
return to the prefault values after the fault clearance (see Figure 6-15). In contrast,
the induction generator fails to ride-through the fault if the DFIG is controlled by the

conventional design strategy with no reactive power support during the fault period.
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Figure 6-14 Active and reactive power of DFIG with the conventional design strategy

(dashed line) and the proposed Design 3 (solid line).
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——

Figure 6-15 (d) Voltage at B25, (b) shaft speed of the induction generator, and (c)
electromagnetic torque of the induction generator with the conventional design strategy

(dashed line) or with the proposed Design 3 (solid line).

6.5 CONCLUSIONS

This chapter introduces an enhanced control scheme for DFIG-based WPPs to
comply with the Australian grid code. New control designs are developed and their
corresponding P-Q capability curves are studied. The proposed control scheme
consists of an enhanced PLL system to extract the amplitude and phase-angle of the
supply voltage, variable-band VBHCRs used to control the output currents of the
converters, and current prioritization units that function based on targeted design
strategies. Simulation results show that the 4% reactive current requirement can be
attained with three different control designs. Simulation results show that Design 3
(that allows temporary overloading of the converters and utilizes the free capacity of
the GSC) is the most advantageous control strategy because it not only provides

enhanced reactive power support, but retains the active power production of DFIG-
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based WPP under severe fault conditions. It is finally shown that DFIG-based WPP
with the proposed control scheme can assist the nearby fixed-speed wind generator to

successfully ride-through the fault.
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Chapter 7. Conclusions

This thesis proposes modified transient control schemes for DFIG-based WPPs to
comply with the latest international grid codes. After a literature review conducted
in chapter 1, chapter 2 presents a comparative study on the international regulations
defined for large WPPs. This study covers the latest grid codes of Australia,
Denmark, Canada, Germany, lreland, New Zealand, Spain, UK and USA. The
technical regulations are classified and compared in five major groups: (1) LVRT
and HVRT curves; (2) active and reactive power responses of WPPS following
faults; (3) extended variation range of the supply frequency; (4) active power control
or frequency regulation support; and (5) reactive power control or voltage regulation
capability. The ultimate objective of this comparison is to identify the most stringent
regulations enforced on the transient response of WPPs. It is found that Australia and
Spain have the most onerous LVRT and HVRT regulations, and Australia has the
most stringent regulations on the active and reactive power responses following a
fault. Therefore, the regulations outlined in these grid codes are selected to be

examined in the following chapters.

Chapter 3 presents a comprehensive study on the transient response of DFIG-based
WTSs under various symmetrical and asymmetrical faults. The relevant features and
constraints of power networks are taken into account, including the effects of
transformers’ configuration, submarine/underground AC cables, and fault clearing
mechanism of the circuit breakers. Extensive simulation results are presented and
supported by theoretical analysis. The main outcomes of this chapter are as follows:
(1) if the operational constraints of the circuit breakers are taken into account, the full
voltage recovery for three-phase faults will take place in two or three consecutive
steps and in turn, smaller overshoots in the rotor current and dc-link voltage will be
experienced at the fault clearance instant; (2) since the fault current angle decreases
for WPPs connected to the distribution system or located offshore, overshoots during

the recovery process will increase notably; (3) the overshoots observed under
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asymmetrical faults depend on the initial point-on-wave instants. The most
unfavourable initial point-on-wave point corresponds to the instant that the positive
and negative sequence components of the supply voltage are aligned in the opposite
directions; (4) phase-angle jump has large detrimental impacts on the transient
response of WPPs located offshore; and (5) the largest overshoots in the dc-link
voltage are experienced for three-phase faults (sag type A), whereas the highest
peaks for the rotor current are observed under phase-to-phase faults (sag types C and
D). These observations help researchers to identify the problems that hinder
successful fault ride-through of DFIG-based WTs under realistic operating
conditions and accordingly, modifications in the conventional control scheme of

DFIG can be suggested to overcome these deficiencies.

In chapter 4, the transient response of DFIG-based WTs is improved through
implementing variable-bands VBHCR in the RSC and GSC. Moreover, an enhanced
PLL system, referred to as UTSP, is utilized to readily extract the synchronization
signal from the supply voltage. Simulation results show the validity of the overall
control scheme under changing wind speed. It is also shown that and the average
switching frequency of converters using the proposed VBHCR is less than the
conventional Pl current regulator and the harmonic content of the DFIG output
current with the proposed current regulator is below the IEEE standard limits. On the
other hand, the VBHCR presents very fast and robust transient response, which
enables the WT to fulfil the most stringent LVRT regulations imposed by the

Australian grid code (for both symmetrical and asymmetrical faults).

Chapter 5 introduces a hybrid current control scheme for DFIG-based WTs. The
proposed control scheme uses the conventional Pl current regulators under steady-
state conditions. Once a voltage sag or swell condition occurs at the DFIG terminals,
the supervisory control unit detects it from the rotor current or dc-link voltage signal.
Then, the switching strategy of the RSC and GSC is transferred to the VBHCR until
the current and voltage fluctuation suppress to below the safety operating limits of
the DFIG. In this way, the proposed current control scheme exploits the excellent
steady-state and transient performances of the Pl and hysteresis-based current
regulators, respectively. Simulation results show that with the proposed current
control scheme, the DFIG-based WTs can comply with the LVRT and HVRT
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regulations stipulated in the Australian and Spanish grid codes.

In chapter 6, the transient P-Q response of DFIG-based WPPs is examined according
to the Australian regulations. Three different control designs are proposed to comply
with the 4% reactive current injection requirements stipulated by the Australian grid
code. The P-Q capability curves corresponding to each control design is thoroughly
studied. Simulation results show that all design strategies can fulfil the reactive
current injection regulations, but the most advantageous response is obtained with
Design 3. In this design methodology, the converters of DFIG are permitted to
overload by 41% under the transient fault period. As a result, the active power
production of the WPPs can be retained which in turn, prevents destructive shaft
acceleration and contributes to the transient stability of the network. On the other
hand, the free capacity of the GSC is exploited to provide further reactive power
support to the grid. It is finally shown that if the DFIG-based WPP provides the
reactive current injection requested by the Australian grid code, it can assist increase

the nearby fixed-speed WP to ride-through various fault conditions.

7.1 CONTRIBUTIONS

The main results of this these have been released in 15 papers as listed in Section 1.5.

The primary contributions of this thesis are as follow.

1. The latest international grid codes for large WPPs are compared and the most

stringent regulations are identified.

2. The transient response of DFIG-based WT under symmetrical and asymmetrical
faults are studied through comprehensive simulation and theoretical studies. This
study, for the first time, investigates detrimental impacts phase-angle jump,

voltage recovery process, and voltage sag parameters.

3. A new variable-band VBHCR is proposed to be implemented in the vector
control of DFIG-based WTs. This current regulator has very fast transient
response and as a result, the DFIG-based WT can fulfil the most stringent LVRT

regulations enforced by the international grid codes.

4. A hybrid current control scheme is introduced to enhance both LVRT and HVRT
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capabilities of DFIG-based WTs. The proposed current control scheme uses the
standard Pl current regulators under normal operating conditions and the
hysteresis-based current regulators under transient fault periods. Using this
hybrid controller, the DFIG-based WT can comply with the most onerous LVRT
and HVRT requirements outlined in the international grid codes.

5. The conventional vector control scheme of DFIG-based WPPs is modified in
order to meet the Australian regulations on the reactive current injection during
the fault periods. New design strategies are developed and their corresponding P-
Q capability curves are studied. The most promising design strategy proposes
temporary overloading of the DFIG converters by 41% as well as exploiting the

free capacity of the GSC to inject further reactive power.

7.2 FUTURE WORKS

The following topics are suggested for future research in continuation of this work.

1. The LVRT and HVRT capabilities of DFIG-based WPP with other types of

current regulators, such as predictive methods, must be studied.

2. Modified GSC control schemes or dc-choppers can be integrated with the
proposed current controllers to further limit the dc-link voltage fluctuations under

various voltage sag or swell conditions.

3. The transient response of DFIG-based WTs under extremes frequency excursions
must be studied and modification shall be suggested to enhance the ride-through
capability of the wind generator according to the international grid codes.

4. The overall control scheme of DFIG-based WPPs must be equipped with
supplementary control loops to fulfill the requirements that are expected to
appear in future grid codes, such as emulating inertia response or providing

power system stabilization.

The DFIG-based WPP with the proposed transient control scheme can be simulated
in a more realistic power network with several conventional generation units and
load centers. Thereby, the impacts of P-Q response of WPPs on the transient stability

of the system can be studied accurately.
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Appendix A — Voltage sag classification

Phasor diagram and mathematic expression of different types of voltage sags are

given in the below.

Sag type
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1 3
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Appendix B — Simulation parameters

Simulation parameters for the DFIG and induction wind generators are given in

Table | and Table I1, respectively.

TABLE I. SIMULATION PARAMETERS FOR DFIG-BASED WT

Generator Parameters

Rated apparent power 1.6 MVA
Rated power 1.5 MW
Rated voltage / Rated frequency 575V ,50 Hz
Stator / Rotor resistances 0.007, 0.005 p.u.
Leakage / Mutual inductances 0.3,3.0p.u.
Dc-link capacitor / Dc rated voltage | 15 mF, 1200 V
Rated power of the RSC and GSC 0.55 MVA
Wind Turbine Parameters
Nominal mechanical output power 1.5 MW
Base wind speed 11 m/s
Maximum power at base wind speed 1.1p.u.
Initial pitch angle 0°
Inertia constant 45s
DFIG Control System Parameters
K, and K; — RSC P regulator 1.0, 100
K, and K; — RSC Q regulator 0.05,5
K, and K; — RSC current regulator 0.5,9.0
K, and K; — GSC V¢ regulator 0.002, 0.05
K, and K; — GSC Q regulator 05,25
K, and K; — GSC current regulator 2.75,500.0
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TABLE Il. SIMULATION PARAMETERS FOR THE FIXED-SPEED WT

Generator Parameters

Rated apparent power 1.6 MVA
Rated power 1.5 MW

Rated voltage / Rated frequency 575V ,50 Hz

Stator / Rotor resistances 0.005, 0.005 p.u.
Leakage / Mutual inductances 0.4,5p.u.
Local capacitor bank 0.2 MVar

Wind Turbine Parameters

Nominal mechanical output power 21.5 MW
Base wind speed 9m/s
Maximum power at base wind speed 1.0 p.u.

Turbine inertia constant 30s




154

Appendix C — The UTSP system

Schematic diagram of the proposed UTSP system is shown in the below. It is
constituted of four estimations loops: ‘P’ loop which extracts the amplitude and
phase-angle of the positive-sequence component of the supply voltage, ‘N’ loop
which extracts the amplitude and phase-angle of the negative-sequence component of
the supply voltage, and ‘Z’ loop which extracts the amplitude and phase-angle of the
zero-sequence component of the supply voltage. The estimation loop ‘F’ extracts the
synchronization signal and the synchronous speed (). The mathematical principles

and control structure of the proposed signal processing unit are explored in [68].
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A New Vector-Based Hysteresis Current Control
Scheme for Three-Phase PWM
Voltage-Source Inverters

Mansour Mohseni, Student Member, IEEE, and Syed M. Islam, Senior Member, IEEE

Abstract—This paper presents a new vector-based hysteresis
current controller (HCC) for three-phase pulsewidth modulation
(PWM) voltage-source inverters (VSI). The HCC is intrinsically ro-
bust to the load parameters variations, exhibits very fast transient
performance, and is suitable for simple implementations. Despite
these advantages, the conventional HCC has a major drawback
when applied to the three-phase PWM-VSI: interphases depen-
dency leads to very high-switching frequencies in the inverter. This
paper starts with a review on the vector-based HCCs reported in
the literature to address this problem. Then, a new vector-based
method is proposed using multilevel hysteresis comparators inte-
grated with a switching table. The proposed method works with the
inverter current vector represented in the stationary o — 3 frame
and produces a coordinated switching pattern. The current error is
kept inside a square tolerance region without significant increase in
the complexity of the hardware implementation. Simulation results
show that the proposed vector-based method can retain the advan-
tages of the conventional HCC. However, the steady-state perfor-
mance of the proposed current regulator is significantly improved
by reducing the switching frequency and minimizing oscillations
of the inverter current vector. The proposed current controller is
finally compared with other reported vector-based methods and its
advantages are illustrated.

Index Terms—Hysteresis current controller (HCC), three-phase
pulsewidth modulation (PWM) voltage-source inverter (VSI),
vector-based methods.

[ INTRODUCTION

HE CURRENT controller of three-phase voltage-source
T inverters (VSI) is an essential part in the overall control
structure of many applications, such as active power filters,
ac motor drives, and uninterruptible power supplies [1]. The
quality of the applied current controller greatly influences the
overall control system performance. Therefore, over the past
few decades, considerable research has been done on current
control techniques, and from this work three major classes
of current controller have evolved: predictive controllers, lin-
ear proportional-integral (PI) controllers, and hysteresis con-
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trollers [1], [2]. Predictive controllers are the most complex
method and require the knowledge of load parameters. Exten-
sive hardware implementation is another disadvantage of this
technique. Linear PI current controller can limit the switch-
ing frequency of the inverter and produce a well-defined har-
monic content. However, parameters of PI controllers must be
carefully tuned with a tradeoff between maintaining the sys-
tem stability over the whole operation range and achieving an
adequate dynamic response during transients. This can result
in degraded transient performance, whichin turn, hinders the
application of PI current controller in high-demanding situ-
ations, such as active power filters [1]-[3]. Finally, hystere-
sis current controllers (HCC) have been widely used because
of the noncomplex implementation, outstanding stability, ab-
sence of any tracking error, very fast transient response, inher-
ent limited maximum current, and intrinsic robustness to load
parameters variations [1], [2]. However, it is well known that
conventional HCCs have several drawbacks when applied to
three-phase VSIs [2]. Very high switching frequency happens
at lower modulation index due to the lack of the coordination
between three-phase hysteresis comparators (referred to as “in-
terphases dependency”). Occasional hysteresis band violation
up to twice the permitted bandwidth is another disadvantage of
this current controller.

Several methods have been proposed to address these prob-
lems. The substitution of fixed hysteresis bands with variable
bands was suggested to reduce the switching frequency [4], [5].
This solution, although very simple, produces significant low-
frequency current harmonics and leads to very high switching
frequencies around zero crossing points of the reference cur-
rent. Adaptive hysteresis band current controllers have been
proposed to achieve fixed switching frequency and remove the
interphases dependency [6]-[10]. This approach gives satisfac-
tory frequency spectra and minimized inverter current oscilla-
tions. However, fixed modulation frequency is usually obtained
at the expense of extra signal processing and control complexity
requirements, which jeopardizes the simplicity of conventional
HCCs. Moreover, these techniques typically suffer from stabil-
ity problems and limited transient performance [10]. In digital
implementations of HCCs, the sampling rate can be controlled
to reduce the switching frequency [11], [12]. The main disad-
vantages of this approach are highly distorted current waveform
and frequency jitter. A digital predictive hysteresis controller
has been proposed to remove these problems [13]. This method
gives a very satisfactory transient and steady-state performance,
but still requires complex online computations.

0885-8993/$26.00 © 2010 IEEE
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Fig. 1.

Finally, vector-based methods were suggested to reduce the
inverter switching frequency [14]-[20]. The current error is
measured in a space-vector form, and vector-based techniques
will be employed to keep the error within the assigned tolerance
region. Vector-based methods systematically select zero and
nonzero voltage vectors to follow the current command vector.
This significantly reduces the inverter switching frequency. Be-
sides simple control structure, vector-based HCCs exhibit very
satisfactory transient and steady-state performance, as will be
thoroughly discussed in following sections.

This paper presents a new vector-based HCC after a brief
review on other reported methods. The proposed control tech-
nique works with current vector represented in the coordinated
stationary frame (o — 3 complex frame). Multilevel hystere-
sis comparators are employed to generate an optimal switching
pattern that keeps the current error vector inside a square toler-
ance region. The proposed method retains all advantages of the
conventional HCC. Furthermore, it gives a significantly reduced
switching frequency with minimized current vector oscillations.
Simulation results also demonstrate the superior performance
of the proposed current controller compared to other reported
vector-based methods.

II. THREE-PHASE PULSEWIDTH MODULATION (PWM) VSI

Fig. 1(a) shows the circuit diagram of a three-phase VSI
connected to a load. The load includes a three-phase sinusoidal-
counter-emf voltage source in series with an inductance and
a resistance. This simulates an induction motor, where R and
L are the equivalent stator resistance and inductance. Three-
phase output voltage of the inverter (v,;.) can be transformed
to a vector represented in the stationary frame, where X(t) =
T, (t) + jas(t) is defined by

1 1
x| _ 2 ' =3 =3 ?;" o)
n=5 |, il

5 =] L

Conduction states of the inverter legs determine the VSI out-
put voltage vector at each instant (V,). There are two states for
each inverter leg: if the upper switch in phase a (S) conducts
the current, then S; = 1. Otherwise S; = 0, indicating Sy is
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(a) Circuit diagram of the PWM-VSI feeding an induction motor. (b) Space-vector representation of the VSI output voltage.

TABLE I
THREE-PHASE SWITCHING STATES, RESPECTIVE VOLTAGE SPACE VECTOR, AND
THE & — [3 VALUES

Sa | So | S| Va | VoV | Vp/Vae
o[ ofofv 0 0

1 [ olo]w 23 0
11 [o]wv, 13 1B
o [ 1 ol vs] -13 1B
o [1 [ 1 fv.] 23 0
oo [1vs] -13 -1/H
1 [ o[ 1w 13 VIR
1 1 1 [ v 0 0

ON. Accordingly, the V, vector can be expressed as follows:

1
V, = 51/‘1‘. [(25F — 1) + exp(j2r/3) (257 — 1)

+exp(—j2m/3) (25; —1) | (2)

Substituting different conduction states in (2) gives eight
possible output voltage vectors with the following discrete
description:

2
Vv, = EVZIC exp (j(k —1)2x/3), k=1,2,...,6
Vi =vi=0.

(3)

Based on (3), the inverter output voltage includes six nonzero
vectors (V1 — Vi) and two zero vectors (V), V}), as given in
Table I and graphically presented in Fig. 1(b).

III. PRINCIPLE OF VECTOR-BASED CURRENT CONTROLLER

Implementing Kirchhoff’s voltage law in Fig. I(a) results in

di, 1. R
dt = E[Z(UH —E!“)— (Ui)_eb)_(vr — € )]_ EZ“
diy, R
(T; =3 [2(m —en) — (vy —eu) — (v —e.)] — T
di,. 1 R

S 2 —ee) — (va —ea) — (v — &) — —ie.
dt 3L L

(4)

The vector representation of (4) can be obtained using (1), as
follows:

di, 1 R
I (V, —ey) — i (3)
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where i, is the output current vector and ey is the counter-emf
voltage vector. By defining i, as the current command vector
and i, as the current error vector

i(- = ir(-f - iﬂ- (6)

From (5) and (6), the differential equation describing the
current error vector is derived as follows:
L% + Ri, = Ld:l—f' 4 Rigs — (V, —ey). (7
It is observed from (7) that the current error vector (i) varies
with /R time constant and is influenced by the current command
vector and its derivative (iyer and diyer /dt) as well as the inverter
output voltage vector (V,,) and the counter-emf voltage vector
(eq). Neglecting R in (7), the desired inverter outpul voltage to
achieve zero error can be defined by

5 _ din-f
V" = ey + L at . (8)
Rewriting (7) based on (8) leads to
di, )
L— =V -V,.
pr Vv, -V, (9)

Based on (8) and (9), it can be seen that the information about
the counter-emf voltage vector and the derivative of the current
command vector are required to nullify the inverter tracking
error. However, it is not practically easy to measure the counter-
emf vector and the computation of derivatives is usually suscep-
tible to noise.

Ditferent vector-based methods apply various control strate-
gies to address this problem. Suppose that the desired output
voltage vector (V) is located in Sector I in Fig. 1(b). Based
on (9), current error derivative vectors with respect to Vy — Vg
can be calculated, as shown in Fig. 2 [19], [20]. Small di, /dt
is required to follow the command vector with the minimum
switching frequency. Thus, discrete voltage vectors adjacent to
V;, must be selected in order to obtain the desired optimal
switching pattern (e.g., Vi, Vi, V}, and V| for Sector I). In
this way, the V; vector and adjacent nonzero voltage vectors are
the only vectors selected by the inverter to reduce the tracking
error. Accordingly, the proposed vector-based current controller
generales a swilching pattern similar to the well-known space-
vector modulation (SVM) under steady-state condition. Note
that to produce this optimal switching pattern, only the V7, sec-
tor needs to be determined not the exact value of the vector.
However, for fast tracking response during transient conditions,
nonoptimal voltage vectors with high-current error derivatives
must be applied to force the error vector into the hysteresis
bands as fast as possible. This would provide a very fast tran-
sient response for the proposed vector-based current controller.

IV, VECTOR-BASED CURRENT CONTROL SCHEMES

The general block diagram of vector-based HCCs is shown
in Fig. 3 [16]. It includes the following main parts: 1) a set of
summing elements to compute the current error vector; 2) a set
of comparators to define the tolerance region: 3) a switching
table derived based on the applied control strategy: and 4) a
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Current error derivative vectors when the V' vector is located in
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Coordinated
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Fig. 3. General block diagram of vector-based HCCs.

coordinated transformation to convert three-phase current sig-
nals into the appropriate reference frame, when needed [16].
Reported vector-based methods are different in terms of the
adopted reference frame, comparators’ configuration, and the
applied switching tables. The assigned tolerance region will be
different accordingly. Most of the reported methods have used
Clarke’s transformation to convert the three-phase current signal
into a space-vector represented in the stationary frame to elim-
inate the interphases dependency [14]-]18]. Although different
hysteresis comparators and control strategies were used, the
resulting tolerance region is identical for these methods. There-
fore, the vector-based method presented in [14] is selected, as
this group representative Lo be examined. A more complex se-
quential approach has been proposed in [16]. This can achieve
further reduction in the inverter switching frequency, as will
be discussed. However, Kwon et al. [19] and [20] suggested
vector-based current controllers working in the three-phase abc
frame. Since the comparators configuration, control strategies,
and the consequent tolerance region are entirely different from
other reported methods, the control technique proposed in [20]
is also examined in this paper. To summarize, this section starts
with presenting the conventional three-phase HCC as the base
method, followed by studying the vector-based current con-
trollers proposed by [14] and [20]. Finally, a new vector-based
HCC will be suggested.

A. Conventional Three-Phase HCC

In this current controller, hysteresis bands of width 4y, are
defined around each reference value of three-phase currents.
Therefore, the inverter phase current will be controlled using a
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(a)

Fig. 4.
surface.

Conventional HCC. (a) Schematic diagram. (b) Designated error

two-level hysteresis comparator, as shown in Fig. 4(a). When
the inverter current becomes greater (or less) than the refer-
ence value by the hysteresis band 0y, the inverter leg in the
corresponding phase is switched in the negative (or positive)
direction. This gives a controller that is targeted to keep the
current error within the hexagonal tolerance region shown in
Fig. 4(b) [3]. At each instant, the hexagon center is pointed by
the reference current vector, rotating around the origin of the
a — (3 frame with the fundamental frequency. Once the inverter
current vector touches the hexagon surface (i.e., the error tends
to exceed the 4y, band), the current controller will select the
appropriate output voltage vector in order to force the output
current back into the hexagon area.

However, in three-phase applications, there is a mutual in-
teraction between phase currents if the load neutral is isolated.
Due to this interphases dependency, when the conduction state
of an inverter leg changes by the current controller, the re-
sulting voltage vector will vary based on the conduction states
of other two legs. This causes two major problems: unneces-
sary high-switching frequencies at low counter-emf voltage and
the current error exceeding twice the permitted hysteresis band
(2045 ), shown by the dashed area in Fig. 4(b) [3].

B. Vector-Based HCC Method I

Kazmierkowski er al. [14] suggested a vector-based HCC
to avoid the drawbacks of the conventional hysteresis method.
Interphases dependency is removed using the vector representa-
tion of three-phase current signals in the stationary o — /3 frame.
The proposed current controller includes two three-level hys-
teresis comparators integrated with a switching table, as shown
in Fig. 5(a). The overall bandwidth of three-level hysteresis
comparators is equal to ¢ -+ Ad. With the switching table given
in Table II, this vector-based method limits the current error
within the square tolerance region shown in Fig. 5(b). Squares
centers are pointed by the reference current vector at each in-
stant. If the inverter current touches a surface of the squares, the
inverter output voltage will be selected according to Table IT in
order to force the error back inside the designated tolerance re-
gion. This vector-based method noticeably reduces the inverter
switching frequency by the systematic utilization of zero volt-
age vectors. However, the presence of redundant situations in
the control action can lead to nonoptimal switching pattern in
some occasions.

81 ,

11219eL
Buppumg
;
v

(a)

Fig. 5. Vector-based HCC method I. (a) Schematic block diagram. (b) Desig-
nated error surface.

TABLE IT
SWITCHING TABLE OF THE VECTOR-BASED HCC METHOD |
Dy
D, 0 1 72
0 V, V, Vs
1 Vy,orV; | Vo | Vsor Vg
V3 V., Vs

U
Sugoung

Fig. 6. Vector-based HCC method II. (a) Schematic block diagram. (b) Des-
ignated error surface.

C. Vector-Based HCC Method 11

Kwon et al. [20] proposed a vector-based HCC using a region
detector. Two sets of hysteresis comparators are employed in the
three-phase abe frame, as shown in Fig. 6(a). Outer comparators
with bandwidth of ¢ + Ad determine the position of the desired
voltage vector (V). That is, they define the optimal set of volt-
age vectors to be applied. Then, inner hysteresis comparators
with narrow band of § track the command current by the appro-
priate selection of the inverter output voltage from the optimal
voltage vectors confined by the region detector. The employed
switching table is given in Table IIT, which leads to the tolerance
region shown in Fig. 6(b). While the current error vector is kept
inside the inner hexagonal tolerance region for most of the time,
it moves toward the outer hexagon bands when the region of
V varies. Once the outer band is touched, the change in V7,
region will be detected and error current will be forced back
again inside the inner hexagonal tolerance region. This vector-
based works with current signals represented in the three-phase
abce frame; thus the oscillations of load current vector in the
coordinated o — /3 frame cannot be removed effectively.
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TABLE 111
SWITCHING TABLE OF THE VECTOR-BASED HCC METHOD 11
ia Dip Dic
000 | 001 | 010 | 100 [ 011 | 101 | 110 | 111
Doy Dob D
100 Vo [ Vo [ Vo' [ Vi [ V' ] Ve | Vo [ Vo
110 Vo [V [ Vs [ Vi [ V@]V ] Vo [V
010 Vo [ Vo [ Vi [ Vo [ Va Ve [V, [V
011 Vo | Vs | Vi [V | Vu [V | Vo' | V&0
001 Vo [ Vs [ Vo [ Vo' [ Vi [V [ Vo [V
101 Voo [ Vs [ Vo | Vi [ Vo' [ Vs | Vo' | V@
p ~A8/2
- 3
1
0

S~

-A3/4

(a) (b)

Fig. 7. Proposed vector-based HCC method I11. (a) Schematic block diagram.
(b) Designated error surface.

D. Proposed Vector-Based HCC Method 111

This paper presents a new vector-based current controller us-
ing multilevel hysteresis comparators. The proposed method is
developed based on the fact that if the actual inverter current
crosses the tolerance region on one side, a new voltage vec-
tor with the opposite component on that side must be applied.
That is, if the actual current crosses the top (or left) side of
the tolerance region, the next inverter voltage vector must have
a smaller -component (or a larger a-component) to keep the
tracking error inside the tolerance region. For instance, suppose
that the desired voltage vector (V) is located in Sector I, and
both ic o = iref.a = Go.a and i 5 = fref, 3 — %o, hit upper hys-
teresis bands. This means that the inverter output current vector
tends to exceed the tolerance region from the bottom-left side;
thus the next voltage vector with positive o and 3 components
(V3) needs to be applied to force the inverter current back inside
the designated tolerance region. Similarly, the V; vector with
positive ov component must be selected if the inverter current
vector touches the left side of the assigned tolerance region.
The switching logic of the proposed current controller must se-
lect zero voltage vectors in other cases in order to achieve the
desired optimal switching pattern.

According to Table I, & and 5 components of the inverter out-
put voltage can have four and three values for nonzero voltage
vectors, respectively. This can be used to divide the complex
o« — 3 frame into six 60° sectors, as displayed in Fig. 1(b).
Therefore, the proposed current controller implements four-
level and three-level comparators in « and 3 axes, as shown
in Fig. 7(a). The practical implementation of the four-level hys-
teresis comparators with the overall bandwidth of 6 + AJ is
illustrated in Fig. 8.

2303
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Fig. 8. Schematic block diagram of the four-level hysteresis comparator.
TABLE IV
SWITCHING TABLE OF THE PROPOSED VECTOR-BASED HCC METHOD I11
Dg
0 1
1D} 2
0 Vs | Vo | V5
1 Vs | Vo | V3
2 Ve | Vo [ V2
3 Ve | Vi [ Vs

Fig.9. VSl switching pattern for the proposed vector-based HCC method I11.

The selection of bandwidths of the hysteresis comparators
greatly depends on the accuracy requested from the current
controller. Smaller hysteresis bands give more restricted oscil-
lations of the inverter current around the reference signal, but it
is achieved at the expense of higher switching frequency. Thus,
there is always a tradeoft between the current controller accuracy
and the resulting switching frequency. Simulation studies need
to be conducted to achieve the optimized performance, since
depending on the load parameters, there is always a minimum
bandwidth behind that the vector-based HCC cannot generate
the expected optimal switching pattern.

At each instant, digital outputs of the hysteresis comparators
(D, and D) determine the discrete state of the inverter output
voltage according to Table IV. If a comparator output varies, the
inverter output voltage changes accordingly in order to reduce
the corresponding component of the error vector. Thereby, the
current error is always kept inside the square tolerance region
shownin Fig. 7(b). Note that depending on the V', sector, the tol-
erance region will be selected from two internal regions and the
external region shown in Fig. 7(b). For every one sixth of the fun-
damental period, both v and 3 comparators remain in specific
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Fig. 11.

I, 3.Va, I, and V,, for large counter-emf voltage (R = 0.7 Q, L = 5 mH, and e, = 75.60°).



162

MOHSENI AND M. ISLAM: NEW VECTOR-BASED HCC SCHEME FOR THREE-PHASE PWM VOLTAGE-SQURCE INVERTERS

2305

Mumbr of Swilchings in Phase a - Mumbr of Switchings in Phase &
250 v v T v T T T T
crrverre: Conventionel HCC +ovve Conventional HCC
— =~ Veclor-based Method IL = = = Vector-based Method 11T .
200} Proposed Vector-based Method [11 4 — Proposed Vector-based Method [11 3
100 5
150 o b - T
- . a2
100+ ot A =
oy e~ o= 50 A R
- o
sofb - e E
—
0 0=

0 001 002 003 004 005 006 007 008 009 0!
Time (sec)

0 001 002 003 004 005 006 007 008 009 Ol
Time (sec)

Fig. 12.  (a) Number of switching with small counter-emf voltage. (b) Number of switching with large counter-emf voltage.
Imp - Proposed Vector-based Nethod [1I ImG - Conventional HCC
15 T T T T T T T T
Debans T el Zoomed Area 2 M
; = A et
g A g A - Ly
0 ]
E S E £ < 4
5 f : \ ]
g Zoomed Area l

10 . TPl ant
18 . " " L " h . . . . . " " n " L L L

U 0002 0004 0005 00O 001 0012 0014 0016 0018 D02 0002 0004 0006 0O0B 0O 0012 0014 0016 0018 002

W, - Proposed Vector-based Method 111 W, - Conventional HCC

Bl [ ‘

4 1 ‘

2 2 { ‘|
[i] 0

. . . . " . . . . . . . . . . L " L
0 0002 0004 OO0 0008 OO 0OM2 0014 0016 OOM1E 002 0 D002 DOO4 OOOE OO0B O0O1 DOO12 DD14 DO16 D.OIE 002
Time (sec) Time (sec)
Fig. 13. I,_g and V, for the (a) proposed vector-based HCC method I1I and (b) conventional HCC.

hysteresis comparator loops, which determines the position of
the desired output voltage vector (V). In this time period, only
zero voltage vectors and two nonzero voltage vectors adjacent
to 'V, will be selected by the controller. For instance, as long as
V. islocated in Sector V, 1), and Dy, respectively, remain in
the middle and the lowest hysteresis loops (/), = l or2 and Dg
— 0or 1), and the optimal voltage set of Vi, V}, V5, and Vi
is selected to be applied. In this case, the current error is kept
inside the rectangular tolerance region shown in Fig. 7(b). Once
the inverter current vector hits the hysteresis band of either e or
3 component, the corresponding comparator will move to the
next loop. Thereby, the change of V7, position to the next sector
is detected, and a new optimal switching set will be selected
according to the Table IV,

The overall switching pattern generated based on this control
strategy is shown in Fig. 9. It is observed that the proposed
method gives a switching pattern constituted of six consec-
utive four-state optimal voltage vectors sets, which matches
with six 60° sectors of a fundamental period. The inverter
switching frequency is significantly reduced by the systematic

implementation of zero and nonzero voltage vectors, similar
to the SVM technique. Furthermore, where the zero state is
to be applied. the V§ vector will be chosen if the present in-
verter voltage is equal to Vi, Vs, or V. In this case, only
one inverter leg must be switched. Likewise, V) will be se-
lected if the inverter state is coming from Vs, Vg, or Vi, This
yields further reduction of switching frequency, as suggested by
[16].

A set of simulation studies is conducted to examine the
wide-ranging behavior of the proposed vector-based HCC at
extreme modulation indexes. Fig. 10 shows the VSI output cur-
rent/voltage vectors as well as the inverter phase signals when
the machine is running close to the synchronous speed (very
low counter-emf voltage). Simulation results are given for the
conventional HCC, the vector-based method II, and the pro-
posed vector-based method III. It can be seen that the inter-
phases dependency in the conventional method causes predomi-
nantly oscillating currents associated with an irregular switching
pattern. In contrast, vector-based methods (specially the pro-
posed method) manage to noticeably suppress current vector
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Fig. 14.  Detailed operation of the proposed vector-based HCC for the zoomed areas.
oscillations through the systematic application of zero voltage TABLE V
vectors in the VSI switching pattern and the consequent phase SWITCHING FREQUENCIES (IN HERTZ)
voltage. Tln; will :sxglg.lllczlirznly r(;dm:: Lhc' V?I §w1tchxnlg Igc— Method SW, | SWy | SWe [ fovme | SUF%
quency, as shown in Fig. (a). Similar simu ation results for o el 3300 | 3320 1 3315 | 3330 0
the high counter-emf voltage (very large slips) are presented Method 1 5812 13071 | 2345 | 2743 | 145
in Figs. 11 and 12(b). In this case, the counter-emf vector (e;) Method 11 2381 | 2379 | 2376 | 2379 0
effectively counteracts V,, in (7); thus, a reduced oscillating Method TIT 2441 | 2209 | 2048 | 2233 | 8.0

output current with a more regular switching pattern is gener-
ated by the conventional HCC. Identical observations, though
less noticeable, can be made for the vector-based current con-
trollers. It is therefore concluded that the improvement achieved
by the proposed vector-based method is more significant under
low counter-emf values and the switching frequency reduces as
the motor slip increases.

V. SIMULATION STUDIES

Simulation studies are carried out in two main directions:
verifying the validity of the proposed current controller and
comparing its performance with other reported vector-based
methods. The circuit diagram shown in Fig. 1 is simulated in
MATLAB/Simulink with parameters given in Appendix I.

First, the sinusoidal three-phase command signal is set to
15 A, and the tolerance region is formed with 6 = 0.3 A and
Ao = 0.1 A. These parameters are set with a compromise be-
tween the accuracy of the controller and the resulting switch-
ing frequency. Simulation results show that with the selected
hysteresis bandwidths, the current control accuracy, and the in-
verter switching frequency are satisfactorily equal to 2.5% and
2400 Hz. The inverter output current vector and the switch-

ing pattern are shown in Fig. 13(a). For the sake of clarity,
V8 and V('] are both depicted by V,, = 0, and only outer hys-
teresis bands are shown. Fig. 13(b) presents similar waveforms
for the conventional HCC. Since the inverter error in the conven-
tional method reaches twice of the permitted hysteresis band, the
tolerance region is formed with 0y = 0.5(6 + Ad) = 0.2 A to
achieve the same current control accuracy. Comparing Fig. 13(a)
and 13(b), it is clear that the proposed vector-based method
keeps I, inside the tolerance region with fewer changes of
the inverter output voltage, i.e., a more regular switching pattern.

Fig. 14 illustrates detailed operation of the proposed vector-
based method for two areas zoomed in Fig 13(a), where
1, and I; are located in the peak and zero-crossing points and
where these signals are both in the middle. The V} vector is
shown as V7 to visualize the influence of the present nonzero
voltage vector on the next zero voltage vector. For 4 <t < 6.25
ms, o and 5 comparators are located in the middle and top hys-
teresis loops, respectively, which indicates the position of V,
in Sector II. Therefore, the optimal voltage set of Va, Vi, Vg,
and V} is selected to be applied. At ¢ = 6.25 ms, V7, location
moves from Sector IT to Sector 11, since the digital output of the
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Fig. 15. Load current trajectory (I, 5) for the conventional three-phase HCC, ~ Fig. 16.  Current error trajectory (I, ;) for the conventional three-phase

vector-based method I, method II, and proposed method I11.

a-comparator varies from the middle to the lowest hysteresis
loop. Thereafter, the optimal voltage set of V3, V4, V{}, and
V| is selected to be applied by the inverter. For 12.5 < ¢ < 15
ms, the V7, vector is located at Sector V and optimal voltage
set of V5, Vi, Vi, and V| is selected, as shown in Fig. 14(b).
It is thus demonstrated that the proposed vector-based method
can limit the error vector inside the assigned tolerance region
throughout the fundamental period, using an optimal switching
pattern.

To compare the steady-state and transient performance of the
proposed current controller with other reported vector-based
methods, a command current with a step change from 10 to 18
A att = 20 ms is applied. Fig. 15 shows the load current trajec-
tory for different control schemes. It can be seen that the vector-
based method I and the proposed method (method III) can con-
siderably suppress load current oscillations in the o — 3 frame.
The best current trajectory with smallest oscillations around
the command signal is obtained by the proposed method (see
Fig. 16). In contrast, current oscillations cannot be effectively
suppressed using the vector-based method 1II as it works with
current signals represented in the three-phase abce system. This
does not guarantee a coordinated control of load current vec-
tor in the a — /3 frame. The superior transient behavior of the
conventional HCC is retained by all vector-based methods. That
is, all vector-based methods follow the command signal in less
than 1 ms (equal to 18” in the complex frame). This important
advantage is achieved by the application of nonoptimal volt-
age vectors with high current error derivatives during transient
conditions.

Fig. 14 shows that all controllers successfully limit the current
error inside their assigned tolerance regions. As expected, the

HCC, vector-based method I. method II, and proposed method III.

inverter error for the conventional HCC reaches 26y, = 0.4 A
because of the interphases dependency. Note that in Fig. 14, the
few observed violations from the tolerance region are related
to the negligible transient time that takes for current controllers
to follow the step change of command signal. The switching
frequency of the inverter controlled by different methods is
reported in Table V. It is clear that all vector-based methods
achieve considerable reduction in the inverter switching fre-
quency and among them, the proposed method presents the
minimum switching frequency with 30% reduction. Almost a
third of the reduction in the switching frequency for methods II
and III is contributed from the appropriate selection of the zero
voltage vector, which can be also implemented in method I[16].
Furthermore, switching frequencies in various inverter legs are
not equal in methods I and III, since they control the current in
stationary o — /3 frame not in three-phase abc frame. Defining
the switching unbalance factor (SUF) as follows:

-

. S;
SUF% = max | fow.avg. —

—| x 100
f~\v ,avg.

i=a,b,c

(10)
itcan be seen that the SUF is quite high for method I. This causes
unequal heating of three-phase inverter legs due to unbalanced
switching losses.

Fig. 17 shows the frequency spectra of the inverter phase
current, where the conventional HCC and the proposed vector-
based method are implemented. It is observed that the result-
ing harmonic components are spread over a wide frequency
range, but their amplitudes are well below the permitted lim-
its. Total harmonic distortion (THD) is equal to 3% for the
proposed vector-based method, which slightly increases for the
conventional HCC. Note that the proposed vector-based method
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Fig. 18.  Operation of the proposed vector based method in an APF application.

suppresses current vector oscillations in the complex « — 3
frame, which does not guarantee a significant improvement in
the harmonic content of the inverter phase current, However,
the proposed vector-based method gives a moderately enhanced
harmonic content, as shown in Fig. 17.

Finally, the proposed vector-based method is used to track a
highly nonsinusoidal command signal. This can further exam-
ine the performance of the proposed current controller in more
demanding applications, such as active power filters (APFs). As
shown in Fig. 18, the command signal includes 5th and 11th har-
monic components with step changes at¢ — 0.4 s. It is observed
that the proposed method exhibits an excellent tracking per-
formance that keeps the inverter current within the designated
hysteresis bands (§ — 0.4 A and Ad — 0.2 A). In the generated
switching pattern, the V7, position rotates several times faster
than the fundamental frequency as the command signal includes
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higher order frequency components. Very fast transient behav-
ior of the proposed method can be seen at £ = 0.4 s, where the
inverter output current follows the command step-change within
10 ms.

VI. CONCLUSION

In this paper, a new vector-based HCC was presented for
three-phase PWM-VSIs, The proposed method implements two
multilevel hysteresis comparators in the a- and 3-axes to divide
the stationary complex frame into six 607 sectors, The posi-
tion of the desired voltage vector will be determined based on
the digital outputs of hysteresis comparators, which is needed
to achieve an optimal switching pattern. At each instant, the
inverter output voltage is selected from four vollage vectors:
two nonzero vectors adjacent to the desired voltage vector and
two zero voltage vectors. In this way, the proposed vector-based
method signiticantly reduces the inverter switching frequency
and keeps the current error inside a square tolerance region.
Further reduction of the switching frequency is achieved by
the systematic selection of the appropriate zero-voltage vector
based on the previous state of the inverter.

Simulation results illustrated the considerable improvement
achieved by the proposed current controller, It was also shown
that the proposed method is superior to other reported vector-
based methods. That s, the proposed controller gives the small-
est output current oscillations with the lowest switching fre-
quency (almost 30% reduction compared to the conventional
method). Tt finally was observed that vector-based methods ex-
hibit a very fast transient response similar to the conventional
HCC.

APPENDIX |

Squirrel-cage induction motor parameters as follows:

10 hp, 220V, 1470 r/min, 50 Hz, three-phase, four poles.

Stator Parameter—resistance: 0.68 €2, leakage inductance:
0.005 H;

Rotor Parameter—resistance: 0.45 €, leakage inductance:
0.0025 H;

Magnetizing inductance: 0.1486 H.

DC-link voltage: 200 V.
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