CONSIDERATION OF THE EFFECTS OF SYMMETRICAL AND ASYMMETRICAL
VOLTAGE DIPS IN THE CONTROL AND OPERATION OF A GRID-CONNECTED

DOUBLY-FED INDUCTION GENERATOR

Khanyisani Makhoba

212520932

A thesis submitted to
the University of KwaZulu-Natal,
College of Agriculture, Engineering and Science,
in partial fulfillment of the requirements for the degree of

Master of Science
Supervisor: Prof David Dorrell

School of Engineering
University of KwaZulu-Natal

March 2020

Copyright © 2020 Khanyisani Makhoba

All Rights Reserved






I, Khanyisani Makhoba , declare that:

@)

(i)
(111)

(iv)

v)

The research reported in this thesis, except where otherwise indicated, is my original re-
search.

This thesis has not been submitted for any degree or examination at any other university.

This thesis does not contain other persons’ data, pictures, graphs or other information, unless
specifically acknowledged as being sourced from other persons.

This thesis does not contain other persons’ writing, unless specifically acknowledged as
being sourced from other researchers. Where other written sources have been quoted, then:

a) their words have been re-written but the general information attributed to them has
been referenced:

b) where their exact words have been used, their writing has been placed inside quotation
marks, and referenced.

This thesis does not contain text, graphics or tables copied and pasted from the Internet,

unless specifically acknowledged, and the source being detailed in the dissertation/thesis
and in the References sections.

Candidate: Khanyisani Makhoba

Signature: .

As the candidate’s supervisor I agree to the submission of this thesis for examination.

Supervisor: Prof David Dorrell

Signature: Z w







ABSTRACT

CONSIDERATION OF THE EFFECTS OF SYMMETRICAL AND ASYMMETRICAL
VOLTAGE DIPS IN THE CONTROL AND OPERATION OF A GRID-CONNECTED
DOUBLY-FED INDUCTION GENERATOR

Khanyisani Makhoba
School of Engineering
Master of Science

Grid integration of Type 3 Wind Energy Conversion Systems (WECS) based on the doubly-fed
induction generator (DFIG) is a great challenge since the direct connection of the stator side to the
grid makes it susceptible to loss of control and rotor over-voltages during voltage dips. Without
effective countermeasures in place, this can result in the fatal failure of the power electronic con-
verter. This thesis presents a selective study of the behaviour of Type 3 WECS based on DFIG
under symmetrical and asymmetrical voltage dips. As part of the mitigation strategies, a crowbar
protection scheme, demagnetizing current control and dual vector control are studied in this thesis.

The main findings are drawn from a MATLAB/Simulink simulation model of a 2 MW, 690 V
DFIG. This software platform offers built-in power electronic device models; therefore, the study
is mainly focused on the control aspects of the DFIG. The fault ride-through (FRT) capability of
the 0.8 kW DFIG test bench is also analyzed in this research. It is deduced that it is possible to
control a DFIG WECS during voltage dips that are less than 32 % in depth by solely using the
traditional dual vector control technique. Voltage dips greater than 32 % result in the saturation of
the power electronic converter and loss of control. As part of the mitigation strategies developing
in this study, it was found that the combined control of the demagnetizing current and the injection
of a backwards rotating flux produced excellent results.

Keywords: DFIG, control, asymmetrical, symmetrical, FRT, demagnetizing
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Chapter 1

Introduction

1.1 Problem Statement

Global warming due to the burning of fossil fuel, the ever-rising cost of oil and gas is forcing
society to move away from conventional methods of electrical power generation and look closely
at cleaner ways of generating electricity. South Africa has experienced a crisis with delays in
construction of new power stations, poor maintenance of current power stations, and a rising pop-
ulation, leading to major issues such as load shedding, rising electricity tariffs and environmental
concerns [1]. The rapid increase in demand for renewable energy technologies calls for research
and development in this area. Many Western countries have invested in renewable source such as

wind and solar power and South Africa is now following a similar course.

Amongst renewable energy technologies, the Type 3 wind energy conversion system (WECS)

based on doubly-fed induction generator (DFIG) is attractive and popular due to reduced cost,

1



1 Introduction

weight/kW and nacelle space requirements [2]. Grid integration of this type of WECS is, however,
a significant challenge since the direct connection of the stator side to the grid makes it susceptible
to loss of control during voltage dips [3]. This leads to infringement of grid codes and can result
in frequent occurrence of failures in wind farms. Under such conditions the performance of the

nationally integrated power system is compromised, this then needs more attention.

1.2 Background

1.2.1 WECS in South Africa

South Africas geographical location, topography and size affords the development of multiple re-
newable energy resources, including wind energy. Approximately 3000 km of coastline with warm
tropical climate provides suitable conditions for wind power generation throughout the country [4].
Government, with the aid of agencies across the globe, have provided technical studies and empiri-
cal evidence concerning the quality and quantity of renewable energy resources. The establishment
of the Renewable Energy Independent Power Producer Procurement Program (REIPPPP) has re-

sulted in a significant increase in renewable energy projects in South Africa [1].

South Africa is currently sourcing its electrical energy from Eskom, 85.8 % of which is derived
from coal-powered generation stations [1]. Renewable energy technologies only account for 4.5
% of the installed capacity. However, the government has endorsed the exploration of renewable
energy sources through the REIPPPP [5]. According to the report released by the South African
Wind Energy Association (SAWEA) South Africa is sitting at 22 fully operational wind farms

(2020 MW installed capacity) with 11 wind farms in construction (1391.8 MW) as of March 2019

2



[4].

The REIPPPP is a South Africa tender process aimed at supporting grid-connected renewable
energy by procuring clean electrical energy from the Independent Power Producers (IPPs). The
REIPPPP is facilitated with the South African Renewable Energy Grid Code (SAREGC) to en-
sure that renewable power plant (RPP) connected to South African transmission or distribution
system comply with the coupling point technical requirements. This is to ensure grid stability and

consumer power quality [2] [5] [6].

1.3 DFIG WECS Overview

Amongst the forms of renewable energy wind energy is considered to be the most reliable source
due to its high availability in nature [7]. However, the challenge comes with the fact that wind is
very variable both geographically and temporally. The variability occurs over a vast range of scales,
both in space and time and the variations not do not always correspond with the consumption [8].
In order to overcome this challenge wind energy is harnessed utilizing variable speed wind turbines
(VSWT) which are based on DFIG. The DFIG shown in Figure 1.1 is designed for optimum power

production under considerable wind fluctuations [9].

Harnessing of wind energy is still sophisticated and contains weaknesses that retard its operation.
The harnessing involves the need for extensive suitable land, which might in some cases require the
expropriation of land from communities, the ratio between technology size and its power output as
well as the production and availability of spare parts worldwide for maintenance. Other drawbacks

of wind energy technologies are outlined in [10]. It is therefore imperative for all engineering fields
3



1 Introduction

Figure 1.1 Type 3 WECS based on DFIG

at an industrial and academic level to provide adequate material and design of compact components

in order to improve the technology [10].

1.3.1 Components of DFIG WECS

Induction generator

The DFIG WECS system studied in this work is shown in Figure 1.1 incorporates a wound rotor
induction machine which operates as a generator by applying negative torque to the main shaft. The
stator terminals are connected to the grid via a transformer while the rotor terminals are connected

to a back-to-back bidirectional converter through slip rings [9], [11], [12].



Back-to-back converter

DFIG rotor terminals exchange power with the grid via a four-quadrant power electronic converter
(DC-AC converter and a rectifier connected back-to-back). The dc bus acts as intermediate energy
storage to smooth the power flow between the converter. The most popular topology used for a

medium size DFIG is a 2-level BTB that incorporates the IGBTs [2].

Transformer

The step-up transformer is necessary to boost the low-voltage side levels (typically 575 and 690

V) to the voltages of the wind farm collection point (typically 33 kV).

Mechanical system

The rotor speed of the wind turbine must be step up to the speed ranges of the generator, and the
gearbox unit realizes this. The gearbox ratio is influenced by several factors such as nominal wind

speed and the number of pole-pairs of the generator [13].

Excessive wind can damage the wind turbine mechanical system and cause undesirable transients
to the electrical system. The pitch is therefore necessary for curtailment of excessive power pro-
duction during gusts of wind. It is also used for power extraction optimization from a wind turbine.
Here all blades are pitched simultaneously or independently in order to provide more degrees of

freedom to the system [9].



1 Introduction

1.4 Objectives and Limitations

1.4.1 Objectives

The main objective of this study is to deal with the impact of voltage dips on the control system
of a DFIG to protect the power electronic converter and help mitigate the infringement of the grid

connection code.

1. To investigate the performance challenges of DFIG under voltage dips and identify the

causes and solutions to those challenges.

2. To implement an effective computational model of DFIG control system that mitigates the
impact of both symmetrical and asymmetrical voltage dips based software and hardware

solutions.

1.4.2 Limitations

1. The DFIG’s power circuit and its control systems are implemented in the simulation envi-
ronment, and numerous assumptions are made in order for the computational analysis to be

feasible.
2. Under asymmetrical voltage dips, only single-phase to ground fault is considered.

3. The converter models, modulation techniques and aerodynamics of the wind turbine are
not in the scope of the objectives as mentioned earlier and are therefore not studied in this

research thesis.



4. The machine parameters used in the computational model are from the literature. It was not
possible, in as far as reasonably practicable, to acquire the exact parameters of the start-of-

the-art DFIG system due to its compact design.

1.5 Preliminary Research

The preliminary research pertains to the ordinary aspects of DFIG grid integration; this includes the
control analysis of the BTB and implementation of closed-loop control in the absence of voltage
dips. This acts as a foundation from which the software and hardware mitigation methods are built
upon. The power flow analysis at steady-state is also carried out in a preliminary fashion in order
to study and comprehend the limitations of deliverable power in a DFIG WECS. This gives an
insight into the behaviour of the DFIG under varying slip ratio, and the influence of grid voltage

dips.

1.6 Main Research

The main research looks closely at the negative impacts of grid voltage dips on the operation of
the DFIG and studies how the mitigation strategies impact operation in order to comply with the
grid connection code. Here the fault ride-through capability and reactive power control during the

voltage dips as demanded by the grid connection code are studied and simulated.

The asymmetrical voltage dip of type "Single-phase to ground" has been chosen for the simulation,

and it is alone sufficient to cover the scope of this study.



1 Introduction

1.7 Outline of Thesis Chapters

Chapter 1 introduces the main research questions. It gives the background of renewable energy
generation and Wind Energy Conversion Systems (WECS), and importance and relevance of the
topic to contemporary power generation industry. Here the scope of the research is stated in terms

of aims, objectives and limitations.

Chapter 2 provides the literature background on the grid connection code; overview of wind energy
conversion systems; a brief overview of control techniques; the effects of voltage dips on the

operation of DFIG WECS and countermeasures to those effects.

Chapter 3 is the preliminary part of this research. The dynamic modelling, control and analysis of

DFIG WECS under normal grid conditions is covered in this chapter.

Chapter 4 forms the basis of this study. The countermeasures discussed in Chapter 2 are imple-
mented in the simulation environment, and the main results are graphically presented and dis-

cussed.

Chapter 5 gives some concluding remarks on the main findings and the overall success of the study.

The recommendations for future research are given at the end of this chapter.



Chapter 2

Literature Review

2.1 Introduction

The preliminary chapter of [2] provides more details on the historical background and evolution
of the configurations in wind energy conversion systems. It further gives classification and a com-
parative study of these types based on cost-benefit analysis acquired according to speed range and
power electronic converter capacity. Mathematical modeling and control of the doubly-fed in-
duction generator (DFIG) converter is covered in [3] while [12] gives more guidance in terms of
controller design and stability. The grid connection code for renewable power plants connected to
the electricity transmission or the distribution system in South Africa in [14] provides the standards
under which transmission system operators (TSO) and distribution system operators (DSO) should

operate.



2 Literature Review

2.2 Grid Code

2.2.1 Background

Grid codes have been developed and enforced in many countries for many years. They ensure the
application of uniform standards for power systems in order to meet various technical requirements
that include system stability, consumer power quality and economical operation of the power sys-
tem. They are updated regularly by TSO and DSO since they are usually based on experience

acquired through operation [15].

Many countries have updated grid codes to address the issues concerning renewable energy power
generation. According to the grid codes, wind plants must operate in a similar way to a con-
ventional power generation plant. They dictate that a wind plant shall remain in operation under
abnormal grid conditions by giving tolerance to variation of grid voltage and frequency within

prescribed boundaries [2] [15].

2.2.2 Germany Grid Code

Germany’s grid connection code concerning the operation of wind turbines is discussed in [16].
The literature was published in 2005, during which Germany had experienced a continuously in-
creasing feed-in of wind power to the transmission networks. This was not compatible with the
utility of the time and, therefore, TSOs had to engage in intensive research on necessary network

measures and operational requirements to tackle challenges of the future.
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In 2010, another paper concerning the dynamic response of wind turbines in relation to Germany’s
grid code was published [17]. Here the voltage support and timing requirements of the grid code

were assessed, and a new voltage control method was proposed to meet new needs.

2.2.3 South Africa Grid Code

The connection to the South African national grid is regulated by SAGC whose primary objective
is to specify the minimum technical requirements for RPPs connected or seeking connection to the
South African transmission system or distribution system. The grid code is applied to various RPP

technologies, and this paper only focuses on wind energy technology [15].

The grid connection code for renewable power plants stipulates that the compliance to the grid code
shall be applicable to RPPs depending on its rated power and, where indicated, the nominal voltage

at POC (Point of Connection). The RPPs are, therefore, grouped into three main categories:

(a) Category A: 0to 1 MVA This category includes RPPs with a rated power of less than 1 MVA

and connected to a LV voltage. It is further divided into three sub-categories:

(i) Category Al; 0 to 13.8 kVA
(i) Category A2; 13.8 kVA to 100 kVA

(i11) Category A3; 100 kVA to 1 MVA

(b) Category B: 1 MVA to 20 MVA

(c) Category C: 20 MVA and higher
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For the purpose of this work, a category A3 wind farm model is used. The voltage ride-through

requirements for Categories A3, B and C is shown in Figure 2.1 [14].

Figure 2.1 South African LVRT requirements for the RPPs of category A3, B and C [14]

2.2.4 FRT Capability

Disconnection of large-scale wind power generation units due to grid disturbances such as volt-
age dips and swells is inevitable. The sudden disconnection of generation units stimulates the
instability of the utility network. The fault duration depends on the protection device response
to discriminate and clear the fault, and this is usually in the range of milliseconds. The fault
ride-through philosophy is that during a grid fault, a generating unit must remain connected and
only disconnect if the fault is sustained longer than the specific period as graphically presented in

Figure 2.1 [2]-[15].
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Figure 2.2 South African requirements for reactive power support, Ip, during voltage
drops or peaks [14]

During the fault period, an excessive amount of energy remains trapped within the DFIG system
resulting in over-current in the induction generator circuits and over-voltage in the DC link of the
power electronic converter. To improve the low voltage ride-through (LVRT) of the DFIG, methods

have been studied as reported in the literature [18] [19].

2.2.5 Reactive Power Control

Like any other conventional power plant, a wind farm must be capable of providing reactive power
control to the grid during both steady-state and transient conditions [20]. Reactive power control
helps to continually compensate for inductive components of the grid such as cables and trans-
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formers, and inductive loads, and to maintain the voltage stability. Wind energy conversion sys-
tems (WECS) must also provide reactive power during grid faults in order to support grid voltage

recovery, the grid code related to this is shown in figure 2.2.

2.3 WECS Overview

There is a wide variety of commercial wind energy generation systems, which are characterised
using the design and configuration of a wind turbine, gearbox, generator and power electronic
converter. The use of partial scale and full-scale converters presents distinct variability over other
commercial WECS. It further shows the popularity of each WECS configuration in the wind energy

industry, where DFIG is found to have the highest market share than other WECS configuration

[2].

Figure 2.3 Classification of wind energy conversion generators [15]
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2.3.1 Types of Commercial WECS

Type 1 WECS configuration

A squirrel cage induction generator (SCIG) is connected to the grid via a soft starter and a step-up
transformer. This very first wind technology known as "Danish" concept was developed around
the 1980s. It has 1 % speed range, therefore lower wind energy conversion efficiency. The fault
ride through is only possible by employing external hardware. With this type of configuration, the
transients in the electrical side directly translate to mechanical stresses on the parts of the wind
turbine. The rapid changes in wind speeds cause grid frequency stability issues. Despite the draw-
backs as mentioned earlier, this simple configuration is viable in terms of initial and maintenance

cost due to the use of inexpensive soft starter [2].

Type 2 WECS Configuration

This type seeks to overcome some drawbacks of Type 1 WECS configuration utilizing the semi-
variable speed wind turbine based on a wound rotor induction generator (WRIG). This configura-
tion has been on the market since the 1990s, and it incorporates a partially rated power electronic
converter to allow for 10 % speed variation. A converter-controlled external resistor regulated the
speed/torque characteristic. As a result, it has a lower impact on grid frequency and mechanical
stress. Although a higher conversion efficiency is attained, these systems still have not yet elimi-
nated the use of a soft starter. Also, it presents a high initial cost for the converter and operational

cost related to the maintenance of slip rings and brushes for WRIG [2].
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Type 3 WECS Configuration

The doubly-fed induction generator (DFIG) is a Type 3 WECS configuration. With a market share
of about 50 % DFIG is one of the dominating technologies in modern wind energy conversion.

This research covers the operational concepts of this type of WECS [2].

Type 4 WECS Configuration

To achieve variable speed operation for the entire speed range Type 4 WECS configuration was es-
tablished in the 1990s. Unlike type 3 configuration, type 4 power electronic converter is connected
directly between the stator terminals and the grid, allowing the utility to process 100 % of stator
power output. This fully isolates the generator from the grid. Independent power factor control

leads to guaranteed FRT compliance [2].

The system uses various generators: PMSG, SCIG, WRSG, and HTS-SG for electro-mechanical
conversion with the PMSG being the most popular. Although the deployment of full-scale power
electronic converter realizes full-variable speed operation (0 % to 100 %), the increase in nacelle
space requirements, initial cost, the complexity of digital control and higher converter power losses

makes this less economical than Type 3 [2]. A typical full-scale converter WECS is shown in

Figure 2.4 .
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Figure 2.4 Full-scale converter WECS based on PMSG [2]

2.3.2 Summary

The utilization of a partial scale converter leads to the reduction of costs, specific weight (kg/W)
and nacelle space requirements. With a variable speed operation, a DFIG can harvest more energy
from the wind than a fixed-speed wind generator of the same capacity. The system is capable of
supplying active and reactive power to the grid without the addition of external devices. Since the
converter power losses are relatively small the overall efficiency of the system is improved. This

makes the DFIG the most preferred WECS choice in the market [15].

Although this type of configuration is viable in terms of speed variation, when directly coupled to
the grid its performance deteriorates under low power quality grid voltage, and this might result to

infringement of grid code if not appropriately controlled [21] - [22].
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2.4 The BTB Converter

In order to facilitate the super-synchronous and sub-synchronous generating modes, a back-to-back
converter is connected between the rotor circuit. The DFIG is shown in Figure 2.5. According to
the steady-state analysis, bidirectional power flow in the rotor circuit is key to achieving generation

both in sub-synchronous and super-synchronous speeds.

Figure 2.5 Model of a full-switched back-to-back converter

The pulse width modulation (PWM) switching strategy is commonly employed in the control of
voltage source converters due to its simplicity and effectiveness. By comparing the reference signal
with a triangular waveform, the switching commands can be obtained and applied to the converter
in order to generate the desired output voltage. The output voltage that can be generated is given

by [9]:

1 if vj > Vi
S;= @2.1)
0 if vj < Vi
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J - denotes three-phase quantities a, b, ¢
Vi,V Ve - three-phase reference voltages

Viri - triangular signal

2.5 Control Techniques Overview

The rotor side converter (RSC) control system is responsible for the control of active and reactive
power flow of the stator while the grid-side converter controls the reactive power and maintains the
DC bus voltage [9]. These are controlled in the outer control loops of the DFIG controllers. The
effectiveness of the control system is improved by controlling the currents of both the rotor side
and the grid side, and this introduces another control loop known as the inner current loop or level

I current control strategy [2].

2.5.1 Vector Control

The vector control technique is mostly encountered in digital control of electrical machines and
drives as it can be easily understood and implemented. In the control of DFIGs, with the aid of a dg
reference frame transformation, the stator voltage oriented control SVOC, and stator flux oriented
control SFOC methods can be used. The multi-loop system which consists of many PI controller

results in a low dynamic response which is a drawback in the case of voltage dips [15]-[13].

19



2 Literature Review

2.5.2 Direct Torque Control (DTC)

The direct torque control is also a vector-based control method, and it is based on space vector
modulation of possible RSC output voltages. Here two variables of DFIG are directly controlled,

namely: torque and rotor flux amplitude. The electromagnetic torque equation is

T, — 3 Ly,
em = 5P SIL,

V,|- ¥, |sind 2.2)

where 0 is the angle between the stator and rotor flux.

It can be noted for Equation 2.2 than the electromagnetic torque depends on the magnitudes of

stator and rotor flux and the angle between their space vectors [9].

Since the DFIG is directly connected to the grid, it can be deduced that the constant stator voltage
produces a stator flux of constant amplitude and speed. Therefore a desirable value of electro-
magnetic torque is achievable by controlling the rotor flux amplitude and position. This means the

machine can be controlled by matching the rotor flux speed with the stator flux speed [9].

Some of the benefits of DTC are the fast dynamic response, reduced tuning efforts of PI controllers
and excellent perturbation rejection. The main drawback of this method is non-constant switching

of controlled switches which can result in nonuniform semiconductor losses [9].

2.5.3 Model Predictive Control (MPC)

The vector control techniques discussed in the previous sections are passive; they only react to
events when they occur rather than before the occurrence. The finite control set for MPC (FCS-

MPC) is studied in depth in [2]. It is a proactive method in the sense that it can predict future
20



events and take control actions based on function minimization. It offers an excellent dynamic

performance in all three frames of reference (abc, a3 and dq) [2].

2.6 Voltage Dips

A voltage dip can be described as a short-duration drop of voltage in one or more phases. In the
case where all phase voltages are reduced uniformly, such voltage dips are classified as balanced or
symmetrical. Whereas unbalanced voltage dips are referred to as asymmetrical. The voltage dips
are usually attributed from short-duration over-currents, transformer energizing, inrush currents

due to motor group start-ups or three-phase to ground short-circuits [12], [3], [9].

2.6.1 Severity of Voltage Dips

Voltage dips can be mainly categorised according to their severity, namely, small (non-severe)
and severe voltage dips. In [9] voltage dips are further classified as partial and total voltage dips.
During a partial voltage dip the rotor is regarded as being open-circuited, here the voltage level
falls below the rated value but above zero. In a total voltage dip, the voltage falls by 100 % of its

rated value [9].

A severe voltage dip induces emfs that exceed the maximum voltage of the rotor converter, as a
result the reference frame is affected and the saturation of the converter occurs, hence the control
of rotor current is lost. Whereas a voltage dip can be small or moderate such that it does not

result in saturation. Although there is no saturation the presence of natural and negative fluxes,
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they will still cause some oscillations in currents and electromagnetic torque, but the converter can

independently control rotor current [9], [12].

The general operation of the DFIG machine under small voltage dips can be viewed as super-
imposed behaviours of positive, negative (in the case of asymmetrical voltage dip) and natural

machines.

* In the positive sequence machine the stator voltage equates to the positive sequence compo-

nent of the grid voltage.

* The natural machine represents a machine with a zero stator voltage but magnetized due to

the presence of natural flux.

* In the case of asymmetrical voltage dip the contribution of the negative sequence component

of the stator voltage is separately represented by the negative machine.

2.6.2 Symmetrical Voltage Dips

Symmetrical voltage dips usually result in balanced voltage dips at the terminals of a DFIG. It
can be deduced from the study of symmetrical components that the negative and zero sequence
components are not present during a balanced voltage dip [23]. Therefore the control during the

symmetrical voltage dip can only focus on the decay of the natural flux.

Saturation of the RSC during a voltage dip occurs when the RSC reaches it maximum output

voltage and this can result in the loss of rotor current control. The maximum output voltage of the
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RSC V;.;ax can be obtained using:
Vbus

Vr,max = f

where Vj,, is the DC bus voltage and D, is the maximum duty cycle (around 97 % and 99 %).

Dinax (2.3)

When a sudden voltage drop occurs at ¢+ = 0 the voltage space vector vi is promptly reduced to
its steady-state value. However, by conservation of flux principle, the stator flux l;z cannot decay
as rapidly as the stator voltage; hence, it is sustained in the stator windings. Each phase of the
stator flux is a function of a sinusoidal component (permanent flux or stator-forced flux) y;, and
the exponential DC component (natural flux) v, which produced by the voltage dip occurrence

and decays with the time constant Lg/R;. It can be seen from

s

dl// s R.—s L, —*

dts = vS>faull - L_SII/S +Rsﬁ l r (24)
A A

that the rotor current term can be utilized to force the rapid decay of stator flux. The RSC can

easily control the rotor current if the control has not been lost due to the fault [9] [13].

Figure 2.6 DFIG flux trajectory under symmetrical voltage dips [12]
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Under symmetrical voltage dips, the superposition principle allows of dual representation of the
DFIG dynamic model, namely, the natural machine and the forced machine, and additionally the
negative machine as shown in Figure D.3. The forced machine is equivalent to the normal DFIG

N

dynamic model. The stator natural flux v, as a function of rotor natural current i,, can be ex-

pressed as:
dys, Ry ~ Ly 5
sn 1% 4+ R M (2.5)
dt Ls Wgn s Ls rn

2.6.3 Impact of Asymmetrical Voltage Dip

An asymmetrical voltage dip occurs when the three phases undergo an unbalanced fall of volt-
age. This may be due to phase-to-phase faults in the power system, quick unbalanced three-phase
loading of the networks due to group start of single-phase motors, or open circuit faults in large
three-phase motors which results to single-phasing. In practice, asymmetrical faults are encoun-

tered more frequently than symmetrical faults [9].

The asymmetrical faults are encountered, for instance, in weak grids where nonlinear loads present
unbalance grid voltage. This fault also happens for some periods where grid faults present unbal-
anced voltage as seen by the DFIG. In all cases, unbalanced voltage degrades the performance of
the DFIG through torque oscillations and unbalanced exchange of stator currents [3]. The effect of

the 40% asymmetrical voltage dip can be observed from Figure 2.8 in Chapter 4. The grid voltage

unbalances are commonly caused by:

* Malfunction of the power factor compensation equipment.

* Unevenly distributed single-phase loads operating on the same power system.
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* Unidentified single-line to ground fault.

* An open circuit on some part of the distribution system.

An unbalanced grid will trigger the negative-sequence components in the grid voltage. Because
the negative-sequence impedance of the DFIG is very low, even a small magnitude of negative-
sequence voltage can result in a fairly large negative-sequence current. Consequently, this will
cause fluctuations in the machine’s electromagnetic torque and DC-bus voltage of the power elec-

tronic converter. This presents the following negative impacts [12] [9]:

1. Large negative-sequence current will reduce efficiency due to the increase in winding loss.

2. The second-order fluctuation of the DFIG electromagnetic torque will present fatigue in

mechanical components of the wind turbine.

3. Large second-order harmonic current flowing through the DC-bus capacitor will reduce its

lifetime.

4. Harmonic distortion of the RSC output current due to the second-order harmonic component

in the DC-bus voltage.

The problem of unbalanced grid voltage can be addressed through the study of symmetrical compo-
nents where it can be divided into positive-sequence, negative-sequence and zero-sequence compo-
nents. The stator flux behaviour during an asymmetrical voltage dip can be derived by considering

the sequence component decomposition, i.e.:

—_\ _\+ N —

Vs fault = Vg T Vg (2.6)
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and neglecting the contribution of the rotor current [12] so that

—+ A=
N

— _ v . v .
v, (1) =y, (0)e Rs/Ls)t 1 j_as)sew — j_as)se jost 2.7)

The problems associated with unbalanced grid voltage can be overcome by introducing a precise

amount of negative sequence into the rotor references. It is imperative to control each sequence
independently in order to guarantee that both sequences are well regulated. This control philosophy
is named the dual-vector control technique; this technique for unbalanced grid voltage control is

widely covered in the literature [3].

2.6.4 Summary

Small voltage dips do not cause converter saturation while severe voltage dips do cause converter
saturation. Since the stator is directly connected to the grid, the frequency of the stator, once
synchronized, remains locked with the frequency of the grid [15]. On the other hand, the direct

connection of the stator to the grid results in poor control during and after grid faults [24].

2.7 Software Solutions

2.7.1 Demagnetizing Current Injection

The impact of the stator natural flux g, has been discussed. In order to enhance a quick decay of

this flux component, a corresponding demagnetizing current i ,, can be injected into the normal
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current references [25],[24], this is

N Ly, -
LL.

where k; is a demagnetizing constant responsible for natural flux clearance time (demagnetization

time). The larger the k; the faster the natural flux clearance time; however, it was argued in the
literature that faster natural flux clearance translates into larger oscillations in electromagnetic

torque and reactive power [25], [26].

It was proposed in the literature [26] that the demagnetizing coefficient K; required to cancel the

rotor voltage can be calculated from

L, 1

Kj=-"2—
d Ls oL,

(2.9)

where 6 = 1 — L2 /(L,L,)

2.7.2 Dual Control of Rotor Currents

During a non-severe voltage dip where the rotor currents are still controllable, the current refer-
ences of inner control loops can be calculated to meet specific control targets. In an asymmetrical
voltage dip, the negative sequence control loop is added to the inner control loop in order to cancel

the effect of unbalance grid voltage [24].
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2.8 Consideration of Unbalanced Grid

In an unbalanced three-phase system, the variables can be decomposed to symmetrical compo-
nents. In an induction generator with a wye winding connection and internal neutral point the zero
sequence components of the grid voltage does not influence current, and it is therefore neglected,

this leaves only the positive and negative sequence components [23].

2.8.1 Decomposition of the Reference Frame

When the effect of asymmetrical voltage dip is considered the dg axis can be split into positive
(dg™) and negative (dg~) axis as shown in Figure 2.7. The negative dg axis rotates at the grid
frequency but in the opposite direction resulting in the relative frequency which is twice the grid
frequency [27]. The stator voltage in dg axis can be decomposed into positive and negative se-

quence components as expressed by [12]:

+ - = Jj20
Vdgs = vdqs +vdqse g (2.10)
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Figure 2.7 Sequence decomposition of the synchronous reference frame [12]

The derivation of the stator and rotor current under influence of grid voltage dip is studied in depth

in the book [12]. The decomposed forms of iy, and iy, are:

oo
. o+ dgs — 20t
gy = i +—— 2.11)
# dgs Xyis ( —J ws)
L vy, .
. ot m qs —J2a)s[
bgr = i, + Ao (2.12)
7 dgr Ly Xvir(_]ws)
where X,;;(—jos) = — jo;0L; is the negative sequence impedance of the grid voltage to the stator
current, and X,;(— jwy) = —jws;0L, is the negative sequence impedance of the grid voltage to the

rotor current [12]. The effects of a 40% asymmetrical voltage dip on the stator and rotor currents

were simulated using MATLAB/Simulink and can be observed in Figure 2.8.
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Figure 2.8 Effect of asymmetrical grid voltage on stator and rotor current and electro-
magnetic torque
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Figure 2.9 Sequence composition during 60% single-phase asymmetrical voltage dip (a)
Three-phase total grid voltage (b) Positive sequence voltage (c) Negative sequence (d)
Positive sequence in dq reference frame (e) Negative sequence in dq reference frame

2.8.2 Symmetrical Components

In the previous section the DFIG variables are derived by introducing the negative sequence refer-
ence frame. A 60 % asymmetrical dip is shown in Figure 2.9 and this gives the positive, negative
and zero sequence voltages. It has been discussed that the asymmetrical three-phase variables can

be decomposed to balanced, symmetrical components, which are the positive, negative and zero
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sequences [23]. The transformation for this is

fP 1 a & fa

1
ful = g 1 &2 a £ (2.13)
Jo L 1T 17|/

where f denotes any three-phase variables and a = ¢/2%/3. Subscripts p,n,0 denote positive, neg-

ative, and zero sequences, respectively. The phasor representations of the positive, negative and
zero order phasors are shown in Figure 2.10. This is studied in depth in the literature [28]. In the
induction machine, the stator windings are wye connected with an internal neutral point the zero
sequence currents are not present. Therefore from this principle voltages and currents can be ex-
pressed as the phasor sum of positive sequence and negative sequence components in dq reference

frame. That is:

V= (vdl +vd2) —l—j(vql —l—qu)
i= (idl + idz) —|—j(iq1 + iqz)

where subscripts 1 and 2 denote positive and negative sequences respectively.

(2.14)

Figure 2.10 Sequence decomposition of unbalanced three-phase system
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2.8.3 Signal Delay Cancellation Method

The delay cancellation method proposed in the literature [22] is used to find the positive and nega-
tive sequence components of grid voltage in af8-axis . Here an abc signal is first transformed into
o3 reference by Clark’s transform and delayed for T/4, at 50 Hz this is equivalent to wt = 90°.
The sequence decomposition is then realized through taking the linkage matrix of the real-time

signals and the delayed signals as given by

o] o o <1 ve) |
ol _1jo1r 10 v(2) 015
)l 210 0 1| |ve(r—T/4)
0] o1 1 0] [se-T/4)]

These signals are further transformed to dg reference frame as shown in the implementation block

diagram in Figure 2.11.

An asymmetrical voltage dip was applied by dropping the voltage of phase by 30% between ¢t =
0.05 s and r = 0.15 s. It can be observed from Figure 2.12 that when the fault occurs, there is
a sudden rise in the negative sequence component of the voltage on the g-axis while the d-axis
voltage remains unchanged. It can be noted that the signal delay has a negligible effect on the dg

variables since it occurs for a quarter of a cycle at the start of the simulation.

The signal cancellation can be implemented as shown in Figure 2.11; where M is the orthogonal

matrix in Equation 2.15.
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Figure 2.11 Signal delay cancellation block diagram [22]

Figure 2.12 Signal delay cancellation method in dq reference frame (a) Positive sequence
voltage (b) Negative sequence voltage[22]

2.9 Hardware Solutions

During small voltage dips, software-based fault ride-through strategies can effectively reduce the
transients of some targeted parameters. However, under severe voltage dip, this is not possible due
to the saturation of the power electronic converter. In this case, hardware solutions of FRT are

necessary [9].
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2.9.1 Crowbar Protection

Crowbar protection is commonly used as a DFIG protection system to ride-through transients at
severe voltage dips. A crowbar system consists of a shunt resistor that is connected at the terminals
of the rotor circuit through a DC rectifier. A switch operates the system, such that when the fault
occurs the crowbar is activated while the RSC is deactivated (open-circuited), therefore all the

transient current can be taken by the crowbar, in that way sparing the BTB converter, [12] to [24].

The crowbar protection system can be easily activated and deactivated by fault discrimination
based on the magnitudes of rotor current (/,), dc-link voltage (V) or rotor voltage (V,). When one
of the magnitudes is greater than the threshold, the crowbar protection scheme is enabled. In order
to avoid frequent triggering and re-triggering of the crowbar, some hysteresis can be added to the

switching time of the relaying system, [12] to [24].

Figure 2.13 Low voltage ride-through protection system, comprising of an SDR and
crowbar protection scheme
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2.9.2 Series Dynamic Resistor

The other method of limiting transient currents is to connect a three-phase resistor in series with
the rotor terminals or with the stator terminals. Unlike in the crowbar protection scheme, with
the increase in rotor or stator resistance this method can limit transient currents and dump natural
flux while at the same time allowing the RSC control of reactive power as demanded by the grid
connection code. Furthermore, the voltage drop across the SDR reduces the RSC output voltage

demand [24], which is advantageous.

Crowbar resistance and activation time are sensitive aspects in the crowbar protection. Choosing
a very low value of a crowbar resistance might results in very high currents in the crowbar circuit,
demanding an oversized crowbar switch. On the other hand, a very high resistance will slow down
the evolution of natural flux, sustaining the voltage dip-induced emtf in the rotor circuit [9], [24].
Consequently, the combined resistance of series dynamic resistor (SDR) and the rotor side and
crowbar shall not exceed the critical resistance. This resistance is derived by considering the worst

case scenario of 1 pu symmetrical voltage. It can be calculated using

oL
= o (2.16)
R, + Rprotection

as proposed by J. Yang et al [29].

2.9.3 Reliability of the Mitigation Strategies

With active crowbar protection, the rotor circuit is short-circuited with a low resistance while the
RSC is disabled. Therefore the transient over-currents flows through the crowbar, hence offering

protection to the RSC [9]. However, while an active crowbar is enabled the DFIG behaves like a
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squirrel cage induction machine and the RSC cannot control reactive power. As a result, the grid

delivers reactive power to the DFIG. This is an infringement of the grid code [14],[24].

The control of demagnetizing current reduces stator flux transients during the sudden change of
grid voltage, and it is good in terms of transient response. On the other hand, the injection of
demagnetizing current can result in large electromagnetic torque transient oscillations. However,
they last for a very short period of time. Torque oscillations are not good in the electrical operation

of a machine as they translate to mechanical torsional stresses to the wind turbine [9], [30].

Dual vector control techniques enhance the behaviour during unbalanced grid voltage. It is possi-
ble to achieve balanced stator and rotor currents. Typical software strategies only depend on the
availability of the RSC to control rotor currents; in the case of saturation, the safety and LVRT ca-
pability is compromised. Consequently, they cannot be trusted in terms of the safety of the whole
wind farm. In that way, some other hardware techniques are required to dump the negative and

natural fluxes.

2.10 Power Capability of DFIG

2.10.1 Modes of operation

The induction machine produces power when its rotor is turned faster than synchronous speed,
below synchronous speed the machine operates in a motoring mode, hence it instead appears as
a load to the power system network to which it is connected [31]. However, this scenario is not
true for a DFIG. Below synchronous speed, power can be injected into the rotor via the converter,
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which is amplified across the airgap, so that the power coming out of the stator is greater than
the rotor input power. This requires a generating torque. In the wind energy conversion system,
the main shaft or prime mover is not guaranteed to turn at or above synchronous speed due to the
variable nature of wind and a DFIG can cope with this. Grid-connected DFIGs seek to maintain a

steady power flow from the stator to the network whatever the speed is[32].

For the entire operation of a DFIG the stator output power P flows from the generator to the grid
while rotor active power P, changes direction according to the mode of operation. Figure 2.14
gives the illustration of this power exchange. In sub-synchronous mode, when the mechanical
speed of the rotor is below the synchronous speed, and the slip is positive, the rotor windings
absorb the active power from the grid, and hence the direction of power flow is from the grid to the
DFIG. Above the synchronous speed, in super-synchronous mode, when the slip is negative, both

the stator and rotor windings deliver power to the grid. This can be deduced from [2] [15]:

|Pn| 4+ |P:| for Sub-synchronous
|P| = (2.17)

|Pu| — |P;| for Super-synchronous

The change in the phase relationship of the three-phase rotor current during the subsynchronous to
super-synchronous transition in Figure 2.15 supports this theory. It can be observed that at sub-
synchronous mode the phase relationship of rotor current is i, — i, — i, but in super synchronous
mode it reverses to iy — icr — ip,. When approaching the synchronous speed that all three-phase

currents tend to be of DC nature [15].
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Figure 2.14 Power flow in DFIG wind energy conversion system, (a)Sub-synchronous
mode of operation, (b)Super-synchronous mode of operation

Figure 2.15 The transition between subsynchronous and supersynchronous modes of
operation

2.10.2 Limitations of Deliverable Power

Any electrical machine should operate within its nameplate ratings since exceeding these nominal
values can result in overheating of cables and reduce efficiency due to saturation and increased
I’R losses in the windings. With the modern electrical protection technology, any machine op-
erating above the limits can be quickly and precisely isolated from the network. Therefore the

consideration of the machine power capability when designing its control system is important.
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2.11 Steady State Operation of DFIG

2.11.1 Equivalent Circuit

The steady-state equivalent circuit shown in Figure 2.16 represents one phase of the stator and
rotor windings. The model assumes linear magnetization and structural symmetry, and therefore
the other two remaining phases are similarly modelled. For a grid-connected DFIG, the stator
is directly connected to the grid while the grid supplies the rotor voltage through a back-to-back
electronic converter. In order to simplify the analysis, the circuit is modified to the ’stator reduced’
equivalent circuit as shown in Figure 2.17 by referring all rotor quantities to the stator [3]. This is
the general circuit for the DFIG; for an induction motor, the rotor is shorted so that Vf =0. From

this we obtain the equations

VS et FS + (Rs + ja)SLlS)IS (2.18)

Vi=E,+ R+ jogL;,)I,

r r

Figure 2.16 Steady-state equivalent circuit of the DFIG. [12]
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Figure 2.17 Stator referred per-phase steady-state equivalent circuit of a DFIG.

The DFIG is directly connected to the grid; therefore, the stator angular frequency is ws; = 27 f;
where f; is the synchronous grid frequency. Furthermore, the induced EMF in the rotor circuit
depends on the slip angular frequency (@ = @; — @,,), where @, is the electrical rotational angular
frequency of the rotor. The conversion between mechanical and electrical speeds is expressed in

Equation 3.1 in the next chapter [12].

For simplicity it is necessary to refer all rotor variables to the stator, this can be done by using the
applying the principle of mutual flux ¢ as presented in Figure 2.16. The induced EMF on the stator

windings can be calculated from

Es= ja)skst¢ (219)

where N; is the number of turns of the stator winding per phase, k; is the stator winding factor. The
induced EMF on the rotor windings can be calculated in a similar way:

E, = jogk.N.¢ (2.20)
where N, is the number of turns of the rotor winding per phase, k, is the rotor winding factor. Now

by approximating ks /k, to be equal to 1, the relationship between E; and E/ can be derived from
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Equations 2.19 and 2.20 so that

E, _ JOukr Ny s 2.21)
E; Josks N Ngr

where s = my;/ @; is the slip ratio, ny, is the stator to rotor turns ratio. By applying the transformer

action principle, the variables of the rotor side can be easily be referred to the stator side. Therefore
rotor voltage equation can be rewritten by substituting Equation 2.21 into Equation 2.18, which
gives
Ngr—r — n2 I
Y =Es+ (ﬂRﬁnL jwsner;r) s (2.22)
S S Ngr

In order to reduce the complexity of the equations, the variables of Equation 2.22 can be redefined:

_ _ o T
Vi=n,V, and T.=-_

Ngr (2.23)
R.=n2R. and L\ =nlL

where subscripts r and / represent variables referred to the rotor and stator respectively, then by

using Equation 2.23, Equation 2.18 is modified as shown in

Vs = E+ (Rs + jwsLls)I_s
(2.24)

Furthermore, the stator referred equivalent circuit is derived as shown in Figure 2.17. It is essential
to note that the frequency of the stator side is @y, which is different from the frequency of the rotor

side, which is the slip frequency ;.

2.11.2 Steady-State Power Flow

The magnetizing current can be easily obtained by applying KCL on the equivalent circuit in

Figure 2.17 and the flow of the magnetizing current I, in the induction machine is due to the
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stator-induced EMF Ej:

Im :IS +7r (2'25)
E, = joL,l, (2.26)

The stator and rotor active and reactive powers can be expressed as:

P = Re(?{:) and Q= Im(f{:) 227
P, =Re(V,I;) and Q,=Im(V,I))

By using Equations 2.25, 2.26, 2.27 and 2.24 the relationship between the rotor and stator powers

can be derived from:

Py = R,I? + sR,I? — sP
(2.28)

P :Prcu+S(Pscu_Ps)
where P, and Py, are rotor and stator copper losses respectively. If it is assumed that the copper
losses are much smaller that active powers Py and P,, Equation 2.28 reduces to:
P, = —sP, (2.29)

Considering the fact that a DFIG operates at 30% slip ratio range it can be shown using Equa-

tion 2.29 that the rotor active power flow P, is limited to £30% of the stator active power P;. This

supports the fact that the DFIG is a partial scale converter WECS.

From Figure D.1 it can be deduced that the input power to the is the sum of mechanical power and
power from the RSC. Therefore if both the mechanical and electrical losses are ignored the power

invariant equation can be derived:

Py +P =P, =—P, (2.30)
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where P, and P,,, are the input mechanical power and developed electromagnetic power respec-

tively. By combining Equations 2.29 and 2.30 and by considering that the total power to the grid

is P, = Py + Py, P, can be expressed as a function of the stator power and slip ratio:

Table 2.1 Quadrants of GSC operation based on power factor [2]

P, = (1—s)P

Quadrant

Power factor

Operation

@D

0° < ¢y < 90°

Inverter with lagging PF

1)

270° < ¢, < 360°

Inverter with leading PF

(I1II)

90° < ¢y < 180°

Rectifier with lagging PF

av)

180 < ¢, < 270°

Rectifier with leading PF

(2.31)

It can be deduced from the power relationships ( 2.29) to ( 2.31), that depend on the slip and sign

of the power exchange, that the DFIG can operate in four possible quadrants of torque and speed

as tabulated in Table 2.1 (where ¢, is the power factor angle). It is illustrated in Figure 2.14 that

the GSC can operate both as a rectifier and an inverter. The power factor is a contributing factor

to the direction of power flow in the GSC. The GSC can operate in four quadrants, as shown in

Appendix D.1 [2].

2.11.3 Summary

The circuit of the induction machine can be reduced to stator-referred per phase equivalent circuit

using the principle of an ideal transformer. According to the equations derived from the equivalent
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circuit, the power flow in the rotor circuit is a fraction of the stator power and is proportional to the

slip ratio.

From these equations it can be deduced that during the subsynchronous operation when the slip
is positive, the stator delivers power to the grid while the rotor side absorbs power from the grid.
At synchronous speed, the slip is zero. Hence the rotor is DC-excited; therefore, only the stator

delivers power. In the super-synchronous mode, both the rotor and stator deliver power to the grid.
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Chapter 3

Modelling

3.1 Dynamic Model

3.1.1 Voltage Equations

The simplified winding model induction machine is shown in Figure 3.1 from which the three-
phase windings of both the stator and rotor are spatially displaced by 120° from one another, this
also applies to the rotor. In this representation, multiple groups of coils are replaced with a single
coil for each phase. The rotor is mechanically coupled to the main shaft of the wind turbine system

which acts as a prime mover to the electrical system [15].

The rotor electrical variables rotate at a slip angular frequency , relative to the stator variables
and 6, is the angular displacement between the stator MMF and rotor MMEFE. The slip angular

frequency can be obtained by subtracting the mechanical rotational speed (in electrical rad/s) from
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the synchronous frequency (in rad/s) of the grid w; [2], so that

O = 0;— @, and o, = pQ
6,=6,—6, and 6, =pb,,

where ®,, and 6,, are the mechanical angular speed and position in electrical rads/s and electrical

rads respectively. This is illustrated in Figure 3.1.

Figure 3.1 Idealized winding model of an induction machine

When developing the space vector model, the assumption is made that the generator is spatially
symmetrical in structure, that the three-phases are balanced, and the magnetic core is linear with
the core losses are negligible. The space vector is composed of three sets of equations the voltage
equations, flux linkage equations and mechanical equations of motion. The voltage-flux relation
in abc natural reference frame is then [15], [30]:

N

v =Ry Tyt j(o— o)y,
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where:

LN

vs, v - Three-phase stator and rotor voltages (V)
Ig, Iy - Three-phase stator and rotor currents (A)
Vs, W, - Stator and rotor flux (Wb)

R, R, - Stator and rotor winding resistances (£2)

o - rotating speed of the arbitrary reference frame (rad/s)
Wy - rotor electrical angular speed (rad/s)
P - derivative operator (p = d/dt)

On the right-hand side of Equation 3.2 the terms jwA and j(@ — ®,)A, are termed ’speed volt-

ages’, which means they are induced by the rotation of the reference frame at the speed of ®.

The stator and rotor flux linkage appearing in equation 3.2 are the functions of stator and rotor
currents, as shown in:
Vbt (33)
Y, = Lmis ‘I’Lrir
where:
Ly=1L;,+L, - Stator self-inductance (H)
L,=L;,+L, -Rotor self-inductance (H)

L, Ly, - Stator and rotor leakage inductance (H)

Ly, - Magnetizing inductance (H)
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3.2 Frames of Reference

3.2.1 Introduction

Frames of reference have been studied for many years to study the movement of bodies. The
reference frame theory plays a crucial role in the modelling, simulation and analysis of three-
phase systems. It is widely used in advanced control methods to help reduce the sophistication of
design and complexity of algorithms. There are three significant kinds of reference frame used in
three-phase electrical systems, namely, the natural, stationary and synchronous reference frame.
Each of these frames is applied to certain parts of design and analysis, and with some degree of
complexity. They cannot be used interchangeably. For example, PI controllers solely require the

variables of a DC nature [2].

3.2.2 Natural Reference Frame (abc - axis)

This is an unaltered three-phase stationary reference which has a speed (@) of zero with respect
to space. Three-phase quantities have a phase difference of 120° or 27r/3; each oscillating sinu-
soidally at the angular frequency of the supply/source (ws) with respect to time. In AC rotary
machines this is known as the synchronous frequency. It represents a true correlation between the
mathematical model and the architecture of the practical machine/power converter. Therefore the

switching pulses of the power electronic converter are modulated in this frame [2], [15].
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3.2.3 Stationary Reference Frame (af - axis)

The af reference frame exhibits a similar oscillatory nature to the previous abc reference frame
but only representing two-phase quantities which are displaced by 90° with respect to angular dis-
placement. This reduction in the number of phases reduces the complexity of control and analysis
[2], [12]. Direct torque control (DTC) and space vector modulation (SVM) can be performed in
this frame of reference. In synchronization of the balanced and harmonic-free grid, the time posi-
tion 6, can be easily obtained by taking the inverse tangent of the ratio vg /vy [9]. This frame is

also useful in the detecting of sequence decomposition of unbalanced grid voltage by DSOGI.

3.2.4 Synchronous Rotating Frame (dq - axis)

The three-phase variables in the abc natural reference frame can be reduced down to two syn-
chronously rotating vectors defined by d (direct) and g (quadrature) axes [15]. All variables in
this frame are expressed in time-invariant DC nature which makes it a viable frame in the design
of control systems, especially in the tuning of PI regulators. A dg-frame is widely used in vector
control techniques, mainly in stator-orientated control (SVOC) and field-orientated control SFOC.

The dgq transformation is given by

fa| 2| cos(8) cos(6—3F) cos(6+ %)

=3 £, (3.4)
fq —sin(0) —sin(G—%”) —sin(9+27”)

Je

with f,, fp, and f. representing any three-phase quantities (voltages,currents and fluxes) in the

natural reference frame [11].
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3.2.5 Transformation of Reference Frames

By substituting @ = w; the arbitrary reference frame model is transformed to synchronous (dq)

reference frame. The components are shown in Figure 3.2.

Figure 3.2 Reference frame transformation

The dq frame quantities can be transformed back to abc frame by taking an inverse of the matrix

of Equation 3.4 [15] where

fa cos(0) —sin(0)
fr| = |cos(6 — ) —sin(6 — ) Ja (3.5)
fe cos(6+3F) —sin(6 + ) Ja

The mechanical behaviour of the induction machine is determined by the speed and torque rela-

tionships given by

3P i )
Tem = T(stlqs — Wysias) (3.6)
dw,
J ~ = Tom — Ty — D@y (3.7)
dt
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3.3 Vector Control of DFIG

3.3.1 Introduction

The RSC converter is at the core of the DFIG control system as it responsible for speed-toque/power
control and reactive power generated by the stator side of the DFIG. This is achievable by adjusting
the rotor voltage and current in the synchronous reference frame. The torque/power outer control
loop computes the rotor current references 7, gr 1O be tracked by the inner control loop. Inner current
loop regulates rotor current iy, to keep track of of ij; ar in order to calculate rotor voltage reference

vZ}qr to be fed to a PWM [12].

The GSC is responsible for maintaining the DC bus voltage and control the reactive power of the
grid side converter. The control is analogous to the RSC. The outer loop regulates the DC bus
voltage Vj,, to keep track of its reference V,; - and outputs the grid reference current i}, " while the
inner current loop regulates the grid current. Both control blocks need to keep track of the stator
voltage position 6 in order to maintain the synchronization of the dq reference frame with the grid

voltage [33], [13].

3.3.2 Grid Synchronization

Any phase difference between the back-to-back converter (BTB) converter and the grid can poten-
tially cause undesirable surge current. Therefore the control of BTB converter has to keep track of

6,. The position of the stator flux vector can be estimated simply taking the inverse tan of a and 3
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components of the stator voltage as shown in

VBS
0, = arctan [ — (3.8)

Vas
However, this method is not effective in the case of distorted and unbalanced grid voltages due to
non-linear loads present in the grid. The phase-locked loop (PLL) proves to be a better solution
to this problem as it incorporates a voltage-controlled oscillator block to synchronize a distorted

voltage signal [12], [13].

Figure 3.3 SRF PLL diagram [12]

3.3.3 Alignment of Reference Frame

In the SFOC, the d-axis is aligned with the stator flux vector as illustrated in Figure 3.4. With this
alignment, the component of the stator flux in g-axis is equal to zero (Y;; = 0). As a result of this
alignment, the stator active power becomes proportional to the rotor current in g-axis while the

stator reactive power is proportional to the rotor current in d-axis [9] [3].
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Figure 3.4 Alignment of d-q reference frame with the stator flux space vector

3.4 Vector Control of the GSC

3.4.1 Outer Control Loop

The control system of the grid side converter (GSC) must maintain the dc bus voltage v, in order
to tolerate fluctuations and transients during dynamic operation. In addition the dc-bus voltage
should be higher than the peak line-to-line grid voltage V, ;; [2]. The PWM scheme used with the
GSC has a modulation index m,. A modulation index value of 0.8 is selected in order to allow
20 % adjustment margin during transients [2]. The DC-bus voltage reference is determined by the

modulation index and the grid rated line-to-line voltage as shown in

. _ Y2V (3.9)
m

Vde
a

where 0 < my,, <1

The active and reactive power flow of the grid side converter can be expressed in terms of the grid
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voltage V, and the grid side filter current I, in dq reference frame:

3 } )
Py = E(Vdg’dg +Vgglgg)
(3.10)

3 ) }
Q,= E(ngldg — Vdglgg)

The GSC manages the dc-bus voltage level v;c and reactive power flow between the BTB and
the grid. Using the circuit model shown in Figure 2.5 the dq reference frame equations can

be derived. By applying the stator voltage-orientated control principle to the active and reactive

powers in Equation 3.10, they can be simplified to

3.
P, = Evdgldg
(3.11D)
3.
Q¢ = 5 Vdglag

It can be observed that the active power and reactive powers of the grid side converter P, and Q,

are proportional to iy, and iz respectively [12], [13]. The energy stored in the dc bus capacitor of

the BTB converter is given by

1
W = ECMV;?MS (3.12)

where Cp,, 1s the dc bus capacitance and Vp,,, is the voltage of the dc bus. By taking the derivative

of Equation 3.12 the expression for power flow between the RSC and GSC can be derived so that

aw 1 V2
ar = 3G g = P F (3.13)

where Py 1s the power absorbed or delivered by the grid side converter and P, is the delivered or

consumed or delivered by the rotor circuit. P, can be expressed in terms of stator referred rotor
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voltages and currents in the dg reference frame as described in

3 . .
P = 5 (Vdrldr + Vquqr)

(3.14)

3, . .
0= 5 (Vqudr - Vdrlqr)

The active power transfer of the rotor side converter P, can be considered as a disturbance and

excluded from the design of the Vj,us regulator. This means the open-loop transfer function of the
dc bus voltage PI controller can be written as:

3y
S = Pyels) = == C:g (3.15)
us

The transfer function P, (s) has a single pole, hence it is susceptible to disturbances. The improved

disturbance rejection can be achieved by using an additional control loop that can speed up the
natural response of the plant. A negative feedback loop proposed in the literature adds an artificial

pole with a value of 3v;G. [13] so that

Vbzus (s) _ Puc(s) _ 3vag _
Lgg(s) 1+ Py(5)Gye SCpus +3vag

My(s) (3.16)

where G, is the inner feedback loop gain, G is directly proportional to the desired speed response

of the plant, which means choosing a larger value of G;. is advantageous. The compensation

transfer function to facilitate the zero-pole cancellation can be defined as:

sKy + K’ K KV
K —_pr "t _ P L 1
0ol9) ==L = Pt ) G3.17)
where K, and K" are the proportional and integral gains of the dc bus voltage regulator which are

tabulated in Table 3.1. The system is shown in Figure 3.5. Therefore, by choosing K} /k — p” =
3v4Gye/Cpys and SKIV,V —d/Cpys = 1/ 74, the closed loop controller gain can be derived:

1
ch(s) - STy +1
C
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Parameter | Value | Units Description
kpe -1000 pu Vpus controller proportional gain
kig -6000 pu Vpus controller integral gain
k;,g 0.1508 pu | GSC current controller proportional gain
kgg 28.4245 | pu GSC current controller integral gain
Tosc 250 us GSC contoller sampling time

Table 3.1 GSC contoller parameters

Figure 3.5 Control loops of the grid side converter [13]

3.4.2 Inner Current Control Loop

The dynamic behaviour of the GSC currents in the dg reference frame can be modelled as follows:

dig,

Vdg = _Lg_dt —Rgigg + WsLgige + Vg
(3.19)
diqg . .
Vag = —he~ — Rgige — 0sLglge + vy

where R, and L, are the grid side filter resistance and inductance respectively, vy, and v, are

the dg components of the grid side converter voltage. The reactive power absorbed or delivered
58



is expressed by Equation 3.11. Therefore if in Equation 3.19 the coupling terms @slgiq,, are

considered as disturbance the open loop transfer function can be defined as

. idq (S) . 1

G(s) = vag ) =L, +R, (3.20)
The compensation transfer function is expressed in terms of:
B(s) =k +@ (3.21)
pe g
A closed-loop transfer function is expressed in terms of G(s) and B(s), hence:
M(s) = % (3.22)

By comparing the zeros in Equation 3.21, the PI controller proportional and integral gains can be

obtained. These can later be tuned for optimum stability of the system. By equating the closed

loop transfer function M(s) to the generalized second order transfer function:

ke + ki Kw?
= el SN L R (3.23)
$2Lg + (kpg +Rg)s+ kig s> +2C w5+ 07

M(s)

and using the 2 MW DFIG parameters in Table B.2, the PI controller gains can be calculated:

kpg = 2C(DnLg —Rg (3 24)
kig = a),%Lg

They are tabulated in Table 3.1. The system is shown in Figure 3.6.

Figure 3.6 PI regulator of the inner current loops of the GSC
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3.5 Control of the RSC

3.5.1 Outer Control Loop

The active and reactive power control is central to the control of the DFIG. The control of theses
variables is realized by controlling the currents circulating between rotor winding and RSC in the
direct and quadrature reference frame (i.e. iy, and iy-). Maximum power point tracking is achieved
by controlling electromagnetic torque 7,,,, while the power factor is adjusted by controlling the
stator reactive power (s. These control objectives can be realized by regulation of rotor currents

through the RSC.

The active power can be expressed in terms of stator voltage and current components in the dg

reference frame as:

3 . .
Py = _(Vdslds + Vqslqs)

2
(3.25)
3 . .
Q5 = E(Vqslds - Vdslqs)
The dynamic stator voltage equations can be written in the dg reference frame:
Vas = Rsigs + d:ﬁl,d‘v — W5 Yys
(3.26)

. dyy
Vgs = Rylgs + > + 05 Wy

where Yy, and Yy are the dg components of the stator flux. In Equation 3.26 the voltage drop

across the stator resistance can be neglected. Also, the derivative terms can be eliminated by the

assumption that at the steady-state the stator flux in the dg reference frame is constant with respect
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dYys

: s AWy
to time (i.e =2* =0 and —

= 0). Therefore Equation 3.26 is reduced to Equation 3.27

Vs = — s Yys

(3.27)
Vgs = +Os Yy
The stator flux dg components can be written as a function of stator and rotor currents:
Yas = Lsias + Lmiar (3.28)

Ygs = Lsiqs + Lmiqr

where Ly = L;; + L, and L, = L;, + L,,, By orienting the dq reference frame with the stator flux vec-

tor ¥, the ¢ component of the stator flux becomes zero. It can be then deduced from Equation 3.27

that the d axis component of the stator voltage also equates to zero. This means

= and =0
Vs Vs Wys (3.29)
vas =0 and v, =V

By substituting the Equations 3.27, 3.29 and 3.28 to 3.25 the relationship between the stator

active and reactive power references and rotor current references can be expressed as shown in

) 2Ly |
Lgr Zsz T oL, "

(3.30)
o= —2Ly *
T BLvgs

The relationship between the electromagnetic torque and the stator power is simple Py = T,,, 0/ p,

therefore the equation for the rotor ¢ — axis current can be re-written as:

j* _usww (3.31)
lyy =5 .
qr 3meVqs stem

For this research, the active and reactive power references are not tracked with the actual variables.

However, they are the inputs to the calculation of references in the dual control of asymmetrical

voltage dips.
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3.5.2 Inner Current Control Loop

The RSC only adjust the three-phase voltage at the terminals of the rotor circuit. In other to
improve the robustness and ensure the reliability of the RSC control system, it is necessary to

regulate and keep track of the rotor currents as well. The dynamic expression of the rotor voltages

in dq reference frame can be written as:

Var = Ryigr + d;’/tdr — Oy Yyr (3 32)

. dy,
Vgr = Rylgr + dtqr + O Yy

The stator power is controlled through the rotor side. This is shown in Figure 3.7. Therefore it is

not possible to ignore the dynamics of the rotor resistance and rotor flux as they form the basis of
the inner control loop. The dgq reference frame components of the rotor flux can be expressed in

terms of stator and rotor currents, as shown by:

Yy = Lridr + Lmids (333)

Yyr = Lriqr + Lmiqs

Figure 3.7 Control block diagram of the Rotor side converter under normal grid condi-
tions
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In order to derive the open loop controller transfer function dg rotor voltages must be the function
of rotor currents and constants. This can be achieved by substituting Equations 3.28 into 3.33 and

then 3.33 into 3.32 which results in

. diy, .
Var = Ryigr+ 0Ly - wrGLrlqr
jt (3.34)
. i . L
Vgr = Rylgr+0L,—F + 0,0Lig, + 0.5 Vas

where 6 = 1 —L2 /(LL,). The coupling terms ®,0Lyigg and flux perturbation term @,L,vys/(@sLy)

are seen as a disturbance in the controller, however they can be compensated for by the closed-loop
controller. These terms can be ignored in the PI controller design and then be cancelled at the out-
put of the controller to improve transient stability. Therefore the open-loop gain of the inner current

loops in s domain can of the can be expressed as

o Id,(s) . 1

G(s) = = 3.35
(s) Vir(s)  Ry+soL, (3.35)
The compensation transfer function is expressed as
ki
C(s) =k, +— (3.36)
s
A closed-loop transfer function is expressed in terms of G(s) and C(s) so that
G(s)C(s)
H(s)= ———— 3.37
) =T 6m)ck) (3-37)
By comparing the zeros in
k,+k; Kw?
H(s) St B (3.38)

T S20L+ (ky+R)s+ ki 52+ 2L s + 02
the PI controller proportional and integral gains can be obtained. These can later be tuned for

optimum stability of the system. By equating the closed-loop transfer function H(s) to the gener-
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alized second order transfer function, and by using the 2 MW DFIG parameters in Table B.1 the

PI controller gains can be calculated using

k, =2 w,0L, — R, (3.39)
ki = (J),%GLr

and they are tabulated in Table 3.2. The PI controller of the inner current loops for the RSC is

shown in Figure 3.8 where the output signal of the PI controller must be bound to the maximum

rotor voltage V. 4 in order to avoid converter saturation.

Figure 3.8 PI regulator of the inner current loops

Parameter | Value | Unit Description
K, 2032 pu | Speed controller proportional gain (kZ g and k)
ki 81280 pu Speed controller integral gain (kj, and k7, )
k; 0.5771 pu RSC current controller proportional gain
k. 491.5995 | pu RSC current controller integral gain
Trse 250 us RSC contoller sampling time

Table 3.2 RSC contoller parameters

The causes and impacts of voltage dips on the operation of the DFIG have been discussed in

Chapter 2. In Chapter 3 the modelling and control are performed under the assumption that the
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DFIG WECS operates under stable grid voltage conditions. Under such conditions, it is assumed
that the stator flux has a constant amplitude and lags the grid voltage by 90°. This is only true in
steady-state and not in the case of a voltage transient. The presence of natural flux due to a voltage
dip induces a high terminal voltage in the rotor circuit, and this can saturate the RSC and cause a

loss of control.

The asymmetrical voltage dips induces a backwards rotating flux in the stator windings. This
introduces the oscillations in stator current and electromagnetic torque at twice the grid frequency.
Since the traditional vector control strategy only acknowledges the forward rotating flux, the loss

of control may occur during these voltage dips.

3.5.3 GSC Current Reference Under Asymmetrical Dips

In the occurrence of asymmetrical voltage dips, the GSC must be controlled to help reduce the
second-order oscillation of grid active power. The active and reactive power flow between the grid
and the BTB can be expressed as:
Py= 2 Re v
(3.40)
Qg = %Im [vg;;}

where v, and i, are the space vectors of the converter current and grid voltage, respectively. By

applying Equation 2.14 the grid voltage and current can be further decomposed into positive and

negative sequence phasors:

Vg = Vie/%! - Vae T = (vg) + jvg1 el + (var + jvgp)e ! (3.41)

ig =11e/% 4 Le 1% = (ig) + jig1)e! " + (igr+ jigp)e /!
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where the subscripts 1 and 2 denote positive and negative sequence variable respectively, and @,

refers to the grid angular frequency. By solving Equations 3.40 and 3.41 the active and reactive

powers are found to be the algebraic sum of fundamental and oscillatory components as presented

by

P = Py+ Proscos(2m,t ) + Pyin sin(20,t )

0 = Qo+ Ocos COS(ngt) + Ogin sin(2a)gt)

Under balanced grid or particularly in the case of symmetrical voltage dip the negative sequence

(3.42)

components are zero, i.€ vg2 =0, vy2 =0, igp = 0 and i» = 0. Consequently, as it may be observed

using

Po
Qo
PCOS
P, sin

QC oS

Qsin

| W

Vd1

Va2
qu

qu

—Vd2

Vgl
—Vdl1
Vg2
—Vd2
—Vgp

Va2

Vg2

Va1
Vg1
Vg1

Vdi

Id1
iql
P)

2

(3.43)

the oscillatory components of the powers (Peos, Qcos> Psin,Qsin) Will not appear in the powers. The

terms Qyi, and Q.o present the fluctuations of reactive power, and since such variations do not

affect the DC bus voltage, the terms can be eliminated in the matrix so that

Py

Qo
PCUS

P, sin

| W

Vdi1
Vq[

Vd2

qu

Vq]
—Vdi1
qu

—Vd2

Vd2
qu
Vd1

—Vd2
Vql

Vdil

qu

Iq1
iql
a2

)

(3.44)

The transferred grid active power P, is proportional to the level of the DC bus voltage. In this way,
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the fluctuation of P, translates to the fluctuation of the DC bus voltage. Therefore Py;, and Py
must be set to zero in order to achieve a constant DC bus voltage. By obtaining the inverse matrix

of Equation 3.44 the grid reference currents are calculated according to

lq1 Va1 Vgl
igl 2P | Vqi 2Q0 | Va1
=0 .= 3.45
173D 3R (345)
a2 —Va2 Vg2
g2 | Vg2 | —Vaz
where:
_ (.2 2 2 2
D= <Vd1 +Vq1> - (Vd2+vq2) (3.46)
R= (vf“ +v§1) + (vf,z +v§2>

3.5.4 Demagnetizing Current Control

The idea of natural flux evolution has been deeply discussed in Chapter 2. The rotor current control
references can be modified in order to accelerate the decay of natural flux where the demagnetizing
current is injected as shown in Figure 3.9. The combined injection also adds the the injection of
negative sequence current in order to oppose the backwards rotating stator flux induced by an

asymmetrical voltage dip [9], [24].
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3 Modelling

Figure 3.9 Combined injection of demagnetizing and negative sequence current

3.5.5 Control Targets for RSC Under Asymmetrical Dips

The issue of loss of control during an unbalanced grid voltage can be addressed through dual
control rotor currents. The dual control demands the sequence decomposition of measured voltages
and currents and the calculation of positive and negative current references. There is a variety of
sequence decomposition methods proposed in literature rated according to their ability to reject

second-order fluctuations of variables.

The rotor current references are calculated according to specific target; this includes minimizing
the: Stator power oscillations, stator current, torque ripple, rotor current and rotor voltage. The
rotor current references to achieve these control targets are calculated according to the equations

shown in Appendix A.2 which have been derived in the literature [9].
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Chapter 4

Simulation and Simulation Results

4.1 Simulation Procedure

The control of the back-to-back converter (BTB) converter is alone a wide-ranging topic that in-
cludes numerous methods, it was therefore, necessary to make choices that will focus most of
the study on the primary goal, and hence eliminating the research burden. This section briefly
reports on the choices made by the author and discusses why those choices were made. Out-
comes and conclusions of this research are realized mainly by quantitative analysis based on

MATLAB/Simulink® as a computational tool.
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4 Simulation and Simulation Results

4.1.1 Equipment and Software

Machine Test Bench

The experimental part of the research is based on the laboratory scale 0.8 kW 400 V wind power
turbine generator at the UKZN. The test bench incorporates a DFIG control unit and a Servo
machine test stand, both of which can be connected to a PC via a USB link. The test equipment
compatibility with Labsoft® control interface software offers a robust and more convenient method

of data acquisition and control.

The machine test bench as shown in Figure 4.2 is a piece of state-of-the-art laboratory-scale simu-
lation equipment designed by Lucas Nuelle; which incorporates protection systems against faults
and grid code infringement. It is impossible, in as far as reasonably practicable, to bypass these
protection systems in order to investigate the effects of voltage dips without protection. It is,
therefore, necessary to implement a computer simulation model in order to analyze performance

without these protection systems.

4.1.2 Apparatus and Procedure

It is necessary to provide clarity as to how the data was collected and analyzed. Below is a com-
prehensive description of the apparatus and procedure employed by the author in the machine test

bench; where the numbers in brackets are the labels as shown in Figure 4.2:

* Induction machine (1) - the slip ring wound rotor induction machine acts as a generator
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in the DFIG test bench. The machine nameplate ratings were recorded and are shown in
Table B.3. All six stator winding ends are accessible, which allows the stator side to be
connected as star or delta while the rotor is internal-star. The machine parameters of the
induction machine were obtained using offline tests namely: DC tests for stator and rotor re-
sistances; locked rotor test and a running light test (no load test), it was however not feasible
to use these parameters in the MATLAB/Simulink simulation due to the lack of means to es-
timate the parameters for grid filter and the controller. Consequently, a convenient decision

was taken to use DFIG parameters from the literature [34].

Grid fault simulator (5) - the unit is used to experimentally study the three-phase voltage
dips for this research. It is designed to simulate voltage dips of various types (three-phase,
single-phase to ground and two-phase to ground), magnitudes and duration. This helps to
create voltage dips in way that does not infringes the grid connection code The type of
voltage dip of is set using "MODE’ function. Various levels of voltage dips for each phase

can be set on the panel as shown in Figure 4.1.

The voltage sags settings of L1, L2, L3 and fault duration ( labelled as *"TIME’ in Figure 4.1)
are the critical components in the simulation of voltage dips since they are regulated by the
grid code of South Africa as presented in Figure 2.1. Voltage sags can be independently set
for each phase at a discrete levels of 0 %, 20 %, 40 %, 60 % and 100 %. Figure 4.1 is an
example of a 40-40-20 asymmetrical voltage dip, this means L1 and L2 voltage amplitudes
are reduced by 40 % while L2 is reduced by 20 % of the nominal grid voltage. Once all
settings are in place the operator must press a ’'START’ button to initiate the preset on the

grid side.

DFIG control unit (2) - this is a core of the DFIG test bench, the power circuit and control

unit of the BTB converter is inside this unit. It can be connected to the PC via a USB
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4 Simulation and Simulation Results

Figure 4.1 A zoom-in of a dynamic grid fault simulator labelled as (5) in Figure 4.2

link, the data is acquired using the virtual instruments. The unit receives speed and torque
measurements from the incremental encoder which is connected at the end of the main shaft.
If PC mode is activated the unit can be controlled using virtual instruments in the PC. Virtual
instruments offer useful features such as automatic grid synchronisation, power control and

FRT monitor.

* Servo machine test bench (8 and 4) - In order to provide input mechanical power to the
induction machine (1) the motor(4) is used. The servo machine test bench (8) is used in a
speed control mode to run the generator up to speed. It can also emulates the aerodynamics
of wind and turbine characteristics. For this research all the simulations were carried out at

a speed of 1360 rpm.

* Isolating transformer (6) - The isolating transformer is employed on the grid side to step
down the grid voltage to the nominal voltage of the DFIG control unit and the induction
machine. The circuit breaker which is connected on the primary side plays a crucial role in

the over-current protection of the grid side.

* Power supply (3) - 400 V power supply to provide a three-phase power to the DFIG control
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unit. This also emulates a point of connection to the grid.

* FRT Monitor (9) - the behaviour of DFIG during the fault can be observed in pu system
using the FRT monitor. The acquired data can be exported and saved as values in an excel

sheet.

Figure 4.2 Lucas Nuelle DFIG machine test bench at the Smart grid laboratory

Data Acquisition

The grid simulator (5) works in synchronism with the FRT Monitor in Figure 4.3 to collect data.

When the operator actuates the 'START’ button the ’'RECORD’ button in (C) must be actuated as
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4 Simulation and Simulation Results

well. This allows the operator to acquire data from the DFIG control unit which can be viewed
on the monitor in Figure 4.2 (9) and can be later exported as a ’cls’ file by selecting ’Values as
Text” in (A) of Figure 4.3. The ' DEADBAND’ allows the operator to step back in time, some few
seconds before the fault occurrence in order to include healthy/previous conditions in the acquired

data. For this research the DEADBAND was set at 0.10 seconds.

Figure 4.3 PC based Fault Ride-Through Monitor

The ’cls’ files obtained from the FRT Monitor are then imported to MATLAB and converted to
graphs for analysis. The FRT Monitor also allows the operator to include positive sequence *POS’

and negative sequence 'NEG’ components in the output file as shown in label (B) of Figure 4.3.
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4.1.3 Computer Simulation

The computational modelling in this research is based on MATLAB/Simulink®; the design of
the control system is derived from mathematical models discussed in Chapter 3. Built-in power
systems and power electronics libraries offered by MATLAB/Simulink® under Simscape power
systems library are in synchronism with contemporary renewable energy technologies. This helps
to achieve the simulation objectives more efficiently and reliably. The implementation of a DFIG
is shown in Figure 4.4. The power circuit is easily achieved by a ’transformer’ for stator to rotor
normalization, series branches for DC capacitor and grid side filter and 2-L. VSCs (CRSC’ and

’GSC’) which are connected back-to-back to form a BTB converter.

The challenging and fundamental part of the control under asymmetrical voltage dips is the cal-
culation of rotor current references which requires sequence decomposition and filtering methods.
Various techniques were proposed in the literature. However, due to the complexity of these tech-
niques the author preferred the signal delay cancellation method (SDC) proposed in Figure 2.11 in
Chapter 4. This can achieve the same goals with lesser computational work. The SRF-PLL plays
an essential role in grid synchronisation, particularly under grid disturbances. In the simulation,

the author used a complete PLL block found in MATLAB/Simulink.
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4 Simulation and Simulation Results

Figure 4.4 DFIG implementation in MATLAB/Simulink

Considering that the aerodynamics have been excluded from the study, it is therefore essential to
acknowledge the source of mechanical torque for the simulated DFIG. The input mechanical torque
to the induction machine is derived from a built-in wind turbine model shown in Figure 4.5, which
can be found in the Simcape library under renewable energy in MATLAB/Simulink. It takes the
pitch angle, generator speed and wind speed as inputs and generates torque with a maximum power
point tracking (MPPT) algorithm. In this research, the pitch control is not analysed. Therefore the

pitch angle is set to ’0’ (fully-pitched) for the entire operation.
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Figure 4.5 Wind turbine Simulink block, "WT” in Figure 4.4

4.1.4 Concluding Remarks

The findings of this research are mainly realized by MATLAB/Simulink. In order to support the
findings, the additional data is obtained through experimental work in the machine test bench.
Although the actual values may not correlate, the observed behaviours under similar scenarios
must converge to one relevant theory. The vector control method has been chosen over other

control methods for this study.

4.2 Simulation Results

The proposed BTB converter protection strategies are verified by MATLAB/Simulink simulations
using the 2 MW 690V DFIG unit whose parameters are presented in Table B.1. The outcomes of
control during symmetrical and asymmetrical voltage dips are graphically presented and analyzed
in this section. The additional LVRT results were obtained from the DFIG machine test bench at the

77



4 Simulation and Simulation Results

smart grid laboratory. In order to understand the power flow during the voltage dips, the negative

and positive power shall mean the power delivered and absorbed by the DFIG, respectively.

4.3 Effects of Symmetrical Voltage Dips

The effect of a 100 % three-phase voltage dip on the stator flux is presented in Figure 4.6. It
appears that under the total voltage dip the overall stator flux is equal to the natural flux. Here
.. . . —+
both positive and negative sequence components of the stator voltage are not present (i.e., v, =0
and ?s_ = 0), and therefore the remaining component is the natural flux that decays with the time

constant T, = R, /L. This is supported by the Equation 2.7 in Chapter 2.

Figure 4.6 Total symmetrical voltage dip without protection. (a) Stator voltage (b) Total
stator flux

The effect of a 60 % three-phase voltage dip on the stator flux is presented in Figure 4.7. It appears
that the partial voltage dip induces stator flux that is a sum of a sinusoidal and exponential terms.
In this case the positive sequence component of the stator voltage is present while the negative
sequence is not present (i.e., 7; # 0 and 75_ = 0), and therefore the overall flux is the sum of

the natural flux which decays with the time constant 7, = R;/Ly, and the forced flux due to the
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remaining voltage level, which oscillates at the frequency @s. This is supported by Equation 2.7 in

Chapter 2.

Figure 4.7 Partial (60%) symmetrical voltage dip without protection. (a) Stator voltage
(b) Total stator flux

4.4 Damping of Natural Flux

The effect of a total voltage dip in Figure 4.6 can be mitigated using a crowbar protection scheme
proposed in Chapter 2. It can be deduced from Figure 4.8 (b) and (d) that as the crowbar resis-
tance takes all the transient over-current the natural flux decays quickly to its steady-state. This is

supported by Equation 2.5.
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4 Simulation and Simulation Results

Figure 4.8 Crowbar protection under a total (100 %) symmetrical voltage dip. (a) Stator
voltage (b) Crowbar current (c) Total stator flux without protection (d) Total stator flux
with crowbar protection

In the case of the partial voltage dip in Figure 4.7 the crowbar protection behaves in a similar way

as in Figure 4.8.
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Figure 4.9 Crowbar protection under a partial (60 %) symmetrical voltage dip. (a) Stator
voltage (b) Crowbar current (c) Total stator flux without protection (d) Total stator flux
with crowbar protection
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4 Simulation and Simulation Results

4.5 Effects of Asymmetrical Voltage Dips

4.5.1 Mitigation Methods

Figure 4.10 DFIG Simulation under 20 % (non-severe) symmetrical voltage dip with
traditional vector control
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Figure 4.11 DFIG Simulation under 20 % (non-severe) symmetrical voltage dip with
demagnetizing current control
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4 Simulation and Simulation Results

Figure 4.12 DFIG Simulation under 60 % (severe) symmetrical voltage dip with tradi-
tional vector control
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Figure 4.13 DFIG Simulation under 60 % (severe) symmetrical voltage dip with demag-
netizing current injection
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4 Simulation and Simulation Results

Figure 4.14 DFIG LVRT Simulation under 60 % severe symmetrical voltage dip with
Crowbar protection and reactive power control
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Figure 4.15 DFIG Simulation under 25 % (non-severe) asymmetrical voltage dip with
traditional vector control
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4 Simulation and Simulation Results

Figure 4.16 DFIG Simulation under 25 % (non-severe) Asymmetrical voltage dip with
demagnetizing current control
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Figure 4.17 DFIG Simulation under 65 % (severe) asymmetrical voltage dip with tradi-
tional vector control
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4 Simulation and Simulation Results

Figure 4.18 DFIG Simulation under 45 % (severe) asymmetrical voltage dip with with
demagnetizing current control
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Figure 4.19 DFIG Simulation under 45 % (severe) asymmetrical voltage dip with com-
bined crowbar protection and dual vector control
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4 Simulation and Simulation Results

4.6 Laboratory Experimental Results

Figure 4.20 Experimental DFIG under 20 % symmetrical voltage dip
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Figure 4.21 Experimental DFIG under 60 % symmetrical voltage dip
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4 Simulation and Simulation Results

Figure 4.22 Experimental DFIG under 20-60-60 % non-severe Asymmetrical voltage
dip
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Figure 4.23 Experimental DFIG LVRT under 40-20-60 % severe Asymmetrical voltage
dip
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4 Simulation and Simulation Results

4.7 Discussion

It can be deduced that an increased fault severity results in the loss of rotor current control in
Figure 4.17. These results are in line with expectations. Under an asymmetrical voltage dip of
this magnitude, the combined effects of natural flux and negative sequence result in the saturation
of the RSC. Consequently, the PI regulators cannot solely control the rotor currents; in this case,

some auxiliary hardware solution of FRT is needed.

The solution to this has been the combined injection of demagnetizing and negative sequence
current as seen in Figure 4.18. This method proves to mitigate the impact of both natural and
negative sequence fluxes that are induced by the asymmetrical voltage dip. It can be seen that the

balanced rotor and stator currents are achieved despite the unbalanced grid voltage.

The results presented in Figure 4.19 were obtained from the incorporation of the crowbar pro-
tection system and the dual vector control method. The dual vector control was realized using
Equation A.5. It appears that for the 0.2 s of the fault, the crowbar is enabled allowing the stator
natural flux of phase A to decay instantly, after that, the dual control technique is engaged in order

to balance the stator currents.

Under a 20 % (non-severe) symmetrical voltage dip applied in Figure 4.10 it can be deduced that
the fault is so small that the current regulators can still independently control the rotor currents.
After the fault clears at 3.5 s, the rotor currents are easily restored. Some slight oscillations can
be noticed from the rotor currents and electromagnetic torque. This due to the presence of some
undamped natural flux and uncontrolled negative sequence. With the injection of the combined

demagnetizing current in Figure 4.11 these oscillations decay quickly.
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The results in Figure 4.14 are from the simulation of the crowbar protection scheme together with
the series dynamic resistor connected on the stator side. It can be observed that when the fault is
applied at 3 s, the transient reactive power is received from the grid. This is due to the activation
of the crowbar protection scheme. Then after 3.2 s when the crowbar protection is deactivated the
RSC control system is restored; now that the natural flux has been dumped the DFIG supplies the

reactive power to the grid as demanded by grid code.

It can be understood from Figure 4.14 that although the incorporation of the crowbar protection
scheme infringes the grid code for some few milliseconds, it can effectively accelerate the decay
of the natural flux during that period, and therefore making it possible to control rotor currents

through the RSC after it has been deactivated.

To analyze the fault ride-through capability of the machine test bench, the severe symmetrical
voltage dip of 60 % was applied as shown in Figure 4.21. The South African grid connection code
presented in Figure D.4 prohibits the connection of a DFIG if the voltage magnitude falls below
0.6 pu [14]; the machine test stand protection system will isolate the DFIG unit in the occurrence
of any voltage dips above 0.6 pu. It for this reason that the author could not go beyond 60 % in the

machine test stand.

In Figure 4.20 the symmetrical voltage dip was applied between 0.1 s and 0.25 s; while the machine
is running at 1360 rpm the DFIG can deliver reactive power to the grid as demanded by the grid

code even though the fault can be categorised as a severe voltage dip.
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Chapter 5

Conclusion and Recommendations for

Further Studies

5.1 Conclusion

The preliminary research goal was to examine the effects of symmetrical and asymmetrical voltage
dips in a DFIG WECS. The findings suggest that with the traditional vector control system, the
rotor side converter (RSC) can independently ride-through the non-severe voltage dips (of < 30 %
in depth). However, it appears that under severe voltage dips (of >30 % in depth) the RSC cannot

be solely controlled through traditional vector control method.

As aforementioned in the limitations section, the limits of the machines tests bench could not be
exceeded to match the simulation results. Also, the machine test stand incorporates protection

features which caused it to behave differently. Although the measured results could not cover all
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5 Conclusion and Recommendations for Further Studies

the cases in the simulation environment, some correlation can be noticed, particularly in terms of
the effects of fault type, severity and low voltage ride-through capability. Overall, the experimental

results assisted the author in verifying simulation.

To answer the main questions about the mitigation of effects of symmetrical and asymmetrical
grid voltage dips, the study has been successfully carried out in Chapter 4 whereby the effects of
the voltage dips were considered. By using the signal delay cancellation method, the sequence
components of the grid voltage were efficiently extracted and used in the calculation of references

for the dual vector control method.

The findings of this research have validated the hypothesis that the crowbar protection scheme can-
not be used without violating the grid code for a few seconds of the fault duration. The combined
control of natural and negative flux is found to effective in achieving balanced rotor and stator
currents during asymmetrical voltage dips when compared to the dual vector control. However, it
has been deduced that this strategy is not suitable for reactive power control during a voltage dip

but it is good for the safety of the power electronic converter.

5.2 Recommendations for Further Studies

It has been verified by this research that the effects of grid voltage dips in the operation of WECS
cannot be adequately mitigated through available control and hardware strategies. Integration of
renewable energy power plants with the nationally integrated power system is still a challenging
subject due to the lack of inherent synchronous inertia that wind farms exhibit. The contemporary

WECS discussed in this thesis are connected to the grid via power electronic converters, and they
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are therefore not a directly mechanically-coupled rotating mass as a conventional synchronous

generator. Future research should look closely at solutions of the inertia aspect of WECS.
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Appendix A

Formulae

A.1 Constants

Sigma
Rotor and stator time constants

Rotor and stator constants
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A Formulae

A.2 Control targets for the RSC under unbalanced grid voltage

Target 1: Constant stator power
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Target 4: Balanced rotor current
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A Formulae
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Appendix B

Parameters and Variables

B.1 DFIG parameters
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B Parameters and Variables

Parameter | Value | Units Description
Py 2 MW DFIG rated power
Vs 690 Rated stator voltage
I 1760 Rated stator current
fs 50 Hz Grid/Stator frequency
R, 2.6 mg Stator resistance
R/r 2.9 mQ Stator referred rotor resistance
L 0.087 mH Stator leakage inductance
Lllr 0.087 mH Stator referred rotor leakage inductance
Lm 2.5 mH Magnetizing inductance
N, 1/3 pu Stator-to-rotor turns ratio
p 2 — Number of pole pairs
127 | kg - m? Inertia constant
D 0.001 — Damping ratio

Table B.1 DFIG parameters for MATLAB/Simulink® simulation [34]

Parameter | Value | Units Description
R, 20 uQ Filter resistance
L 200 uH Filter inductance
Vius 1150 \" DC bus voltage
Chus 80 mF | DC bus capacitance
Sow 4 kHz | Switching frequency

Table B.2 GSC simulation parameters
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Parameter Value Units Description
P 0.85 kW Rated power
Vit 20 \" Rated voltage
I, 3.5 A Rated stator current
Js 50 Hz Frequency
n 1000-2000 | rpm Rated speed
pf 0.75 - Rated power factor

Table B.3 Test bench generator nameplate ratings
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B Parameters and Variables
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Appendix C

Additional Results
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C Additional Results

Figure C.1 Locus diagrams for different limitations in pu system where s is the slip ratio
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Figure C.2 Steady state capability in pu of 2 MW DFIG with Q; = 0 and i;, = 0 magne-
tizing strategies
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C Additional Results

Figure C.3 Dynamic response under wind speed step change from subsynchronous to
super-synchronous mode
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Figure C.4 Dynamic response of dq currents under wind speed step change from sub-
synchronous to super-synchronous mode
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C Additional Results
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Appendix D

Diagrams and Circuits

Figure D.1 Power flow between grid and dc link with PF consideration
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D Diagrams and Circuits

Figure D.2 RSC complete control diagram [3]
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Figure D.3 Rotor side circuit diagrams under voltage dips [9] (a) Positive sequence
machine (b) Natural machine (c¢) Negative sequence machine
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D Diagrams and Circuits

Figure D.4 South African grid code LVRT requirement for RPPs of category Al and A2
[14]
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